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SUMMARY 
The impingement of a quasi-tiro dimensional supersonic jet upon a 
flat plate placed normal to the axis of the jet has been studied. 
In order to perform the experimental investigation, an apparatus 
which operates in the manner of an intermittent wind tunnel was designed 
and built. During the testing of the characteristics of the free jets at 
Flach Number 1.4 the results of previous investigations in the plane jet 
mixing region were confirmed and some results obtained for the fully 
turbulent region that had not been available previously for plane 
supersonic jets. All of these results were shown to agree with accepted 
theoretical models. 
The flow field of the impinging jet was studied by flow visual- 
isation and pressure plotting techniques over an extensive range of 
separation distances between the nozzle exit and the flat plate. At 
small separation distances the stand-off shock wave in the jet is of 
some note and its shape is shown to be modified by disturbances within 
the jet flow. A study of the oblique shock wave equation is made which 
yields an explanation for some of the changes of shape of the wave. 
Also a 'blunt body' numerical procedure is used to predict the shape of 
the shock wave and the pressure distribution on the impingement plate 
at several jet Mach Numbers. Good agreement is demonstrated at higher 
Mach Numbers. 
The experimental results for the pressure distribution on the 
flow boundaries are presented and discussed in some detail. The 
impingement plate pressure distributionsat various separation distances 
were correlated on the basis of the characteri, ýcics of the free jets. 
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Some variations in the value of the peak impingement pressures were 
noted and attributed to disturbances within the jet structure. A special 
series of tests showed very good correlation on the basis of a movement 
of the effective origin of the jet. These latter results were shown*to 
be in good agreement with the prediction of a well known potential flow 
solution to the flow field. 
Finally the total loads on the flow boundaries are computed from 
the pressure distributions. The results show the interesting reversal 
of thrust upon the impingement plate, at small separation distances, 
similar to that which occurs in low speed jets. 
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Chatter 1 
INTRODUCTION 
The fluid dynamics of the flow in and around gas jets have 
interested investigators for many years. Recent technological advances 
have sustained and widened this interest to include high jet velocities. 
A particular problem that has received some attention but still retains 
considerable interest is that of the impingement of a high speed jet 
upon a surface. The engineering situations in which this flow 
phenomenon is present are many and varied. The general field of VTOL 
aircraft has many examples of high speed jets impinging upon ground 
surfaces with the consequent problems of lift loss. On a much smaller 
scale pressurised gas bearings often operate with their gas supply 
through choked orifices, especially during the stationary 'jacking' 
process. At these times any instability could lead to extremely danger- 
ous bearing failures. A full knowledge of the flow field of a high 
speed impinging jet would therefore be useful in many engineering 
applications. This thesis presents some information and ideas to add 
to the existing knowledge of the p$enomenon. The present work was not 
directed towards any one particular engineering situation but is an 
investigation into the basic impingement phenomenon. 
A survey of a previous work established that there was no report 
of studies of jet impingement spanning the entire range from fully 
turbulent jet impingement to closely confined impingement in correctly 
expanded high speed jets. The current investigation covers the entire 
range. - and thus brings together inviscid considerations at small 
separation distances and the fully developed jet flow description. The 
-- 
flora field of a jet of air at a Mach Number of '_. 4 impinging upon a 
plane surface normal to the axis of the jet has been studied. Figure 
1 shows the geometry and the main features of the area under consider- 
ation. 
The flow of an impinging jet shows the jet issuing from a nozzle 
and widening along the jet axis. This widening may be due to simple 
mixing but may also be aided by effects at the nozzle lip, particularly 
in supersonic flow. The subsonic impingement of the jet upon the 
surface results in the deflection of the streamlines upstream of the 
surface towards a direction parallel to the surface. In supersonic flow 
a shock wave is formed within the jet flow with a subsonic deflecting 
flow taking place downstream of it. Surrounding this main flow a 
secondary flow is induced by the mixing at its edges. Along the 
impingement plate this secondary flow joins with the main mass of fluid 
and 
.a 
wall jet type flow occurs. The general requirements of the mixing 
flow induce an inward flow along the nozzle plates, except at very 
small separation distances. 
In the experimental work a rectangular jet was used in order to 
produce a quasi-two dimensional flow field. Two jets were used with 
aspect ratios of 4 and 8. This approach was adopted for various reasons. 
There was a lack of information on the fully turbulent characteristics 
of supersonic plane jets and the impingement phenomenon had not been 
studied previously under two dimen&ional conditions. The investigation 
was a basic flow investigation and. the plane flow impingt1: ant situation 
is sufficiently interesting to warrant investigation in its own right. 
The results of the investigation are presented in Parts III and 
- If - 
IV of the thesis. The experimental investigaticn into the properties 
of the free jets is reported in Part III. The characteristics of the 
free jets were established as a preliminary step to the investigation 
of the impinging jet field. In the jet mixing region the velocity 
distribution and the rate of spread of the region were shown to confirm 
the predictions of other authors and results obtained by interferometric 
methods. There were no comparable results for the mixed subsonic/super- 
sonic flow in the fully turbulent region of an initially supersonic plane 
jet. The results obtained were in agreement with the form predicted for 
low speed plane jets. The velocity distribution showed close similarity 
with previous results for low speed jets. The rates of spread and decay 
were both slightly smaller than published results at lower jet velocities. 
The impinging jet flow studies are reported in Part IV, The main 
variable in the investigation was the separation distance (b) between the 
nozzle exit and the impingement plane. A large range was covered from 
h= 18 at which the flow was fully turbulent before impingement to b 
h 
b=0.1f5 at which distance the nozzle flow was no longer supersonic. 
In addition, several plate configurations were used in the experiments. 
to illustrate variations in the induced flow and also aspect ratio effects. 
The work is presented in four Chapters. Chapter 5 gives descrip- 
tions of the flowfield, Chapter 6 retorts the results of a blunt body 
numerical procedure. Chapter 7 presents the results of the pressure 
measurements, and finally Chapter 8 gives a brief outline of a time 
dependant numerical solution obtained by another author. 
The flow field descriptions given in Chapter 5 commence with a 
separation'of the several modes of flow present at the various separation 
distances tested. This separation is *essential to a physical understanding 
-5- 
of the flow phenonc. a. The structure of the immediate impingement 
region has been given attention. In particular the shape of the shock 
wave has been studied. It was found that at some separation distances, 
the shape varied from the expected monotonic curved shape due to disturb- 
ances in the jet. An examination of the oblique shock wave equations 
yielded a partial explanation for this behaviour which was due to the 
delicate balance between shock wave angle, upstream flow direction and 
downstream pressure condition at Mach Numbers around 1.1.. 
The shock layer numerical procedure reported in Chapter 6 has not 
been applied previously to the two-dimensional impingement process. 
Predictions of the shape of the shock wave and the pressure distributions 
upon the impingement plate were obtained. At the nominal test Mach 
Number of 1.4 the predictions were rather inaccurate but some additional 
experimental tests at higher Mach Numbers showed that the predictions 
were quite good at values of 2 and above. 
The main experimental measurements were pressure measurements and 
the results of this work are reported in Chapter 7. The earlier parts 
of the chapter deal with the pressure distributions in the impingement 
region. The results at various separation distances were correlated 
successfully on the basis of free jet characteristics. The peak 
impingement pressure however seemed rather sensitive to the jet exit 
conditions. The later parts of the chapter present the results for'the 
total loads upon the plates. At small separation distances the force on 
the impingement plate was shown to be directed towards the nozzle plate, 
a load reversal similar to that experienced with low speed jets. The 
separation. distance at which this load reversal occurred was shown to be 
dependant upon the Geometry of the plates. 
-6- 
Chapter 8 is included to show a brief compi"rison between the present 
experimental results and a tide-dependant numerical technique for predict- 
ing the flow field. This technique has been developed recently by 
another author. The agreement between the results is good. 
The thesis is concluded in Part V with some remarks upon the results 
of the investigation and some suggestions for future work. 
-7- 
Chapter 2 
JETS AND JET II ý'I; 'GE ENT 
The fluid dynarnicSof jets have received a great deal of attention 
from analytical and experimental investigators. Some of this work is 
applicable to the phenomenon studied here. This survey of the pertinent 
work is presented under four headings and first the applicability of these 
headings will be demonstrated. 
An understanding of free jet behaviour is an essential prerequisite 
to a study of impinging jets. The development of a jet before it impinges 
upon a surface must follow trends similar to those in free jets. There- 
fore the first two sections are concerned with the general development 
of both subsonic and supersonic jets. The impingement studies 
discussed in sections 2 (iii) and 2 (iv) have direct parallels with the 
present work and-these have fallen generally into the two categories 
chosen. These two categories arise either from the jet velocity or from 
the distance of the impingement plane from the nozzle. 
Although of course any separation into categories can be questioned 
and alternative groupings suggested it is felt that the headings 
adopted here are in accord with the work presented later. 
2 U) Jet !a 
. nt; 
The phenomena of jet exhausting into still or moving air fall 
generally into the field of free turbulent flows. Many investigators 
have worked in this field and as a result there is a large fund of 
literature on the subject. flott advanced text books on viscous flow 
devote at'least one chapter to the topic and reference to any one of 
these (cg. Schlicting 56 or Hinze 32) reveals the scope of the field 
and most contain a large number of additional references. In this 
-8- 
survey, only work of particular application to jet mixing will be 
reported. 
The flow of a jet can be described by reference to the pattern 
shown in Figure 2. A 
potential 
core commencing at the jet exit extends 
downstream bounded by a mixing region between the jet and the surrounding 
fluid. At some distance downstream the mixing region spreads across the 
jet, the potential core disappears, and a fully turbulent jet structure 
is formed. At this stage the time mean velocity profiles within the 
jet appear. similar. Further downstream the jet structure develops a 
'self-preserving' structure, that is, the flow in the jet is similar in 
all respects at all streamwise locations, the similarity is not 
restricted to mean velocity profiles but includes all- aspects of the 
turbulence.. structure. This condition of'self. preservation' enabled early 
J 
investigators to show that for a plane jet the width of the jet (d ) 
was proportional to the distance (, from the origin of the jet. It 
was also shown that'the velocity on the centre-line of the jet (UM) was 
proportional to the reciprocal of the square root of the distance 
`S CC xj , 
Uý a xj 
y... 
. 2(i)1 
The classical work considers two sections of the jet, (a) the 
mixing region ((a) in Figure 2) and (b) the fully developed region 
((b) in Figure 2). 
One of the earliest approaches to the problem was by Tollmien (65) 
using Prandtlst fixing Length hypothesis. He studied both of the above 
regions for a two-dimensional jet and the also fully turbulent region 
of an axially symmetric jet. A later analysis by Goerther (24) used 
an eddy viscosity approach in which 
_9_ 
C. ILL 
a9 
where 
=ýýC urr, 
ax - 
u. 
min 
Considering the mixing region Goertler obtained a velocity 
distribution of the form: 
U 
.. . 2(i)2 
where = oý and z 
erc t= VY L° c%t 
j 
o 
In the fully turbulent region of the plane jet the velocity 
distribution obtained was' 
u2 
'-ý 
/j 
:- -- 2 (i )3 UM - 
Sec 7 
Abramovish (2) using a'numerical approach to the boundary 
layer equations ' studied the effects of compressibility upon 
the 
mixing region of a plane free jet at initial Mach Numbers of 0.5,0.9 
and 1.0. The general cönclusions from the work were that for the 
range of Nach Numbers investigated the effects of compressibility upon 
the non-dimensional time mean velocity profiles were very small. It was 
claimed that the only noticeable effect was a small decrease in the rate 
of spread of the jet. Kovasznay (36) and Norkovin'(42 & 43) in their 
pioneering work on the use of hot-wire anemometers for the analysis 
of turbulence in supersonic flow uphold the first conclusions. This 
work showed that the general behaviour of the turbulence is unaffected 
S - 10 - 
by compressibility if thz pressure flucuaiions ura ona11 in co=nari:. _, a 
with the total pressure of he flow. This infers that the fluctuating 
Mach Number--is small. It was reported that in boundary layers and 
mixing regions where the free stream Mach Number was less than 5, the 
fluctuating value was usually less than 0.2. 
Whilst several authors have investigated the turbulence structure 
of dets, the present work concerned the rate of spread of the jet and the 
time mean velocity profiles within it. : 
Bradbury (10 & 11) presented some 
simple expressions for the latter properties. The expressions were 
of the general form as predicted by theoretical approaches but with the 
various constants adjusted to give good agreement with several sets of 
experimental results. The results quoted for the fully turbulent plane' 
incompressible jet issuing into still air were as follows: 
(ß. j4 ? ýýý) = ex o. 674.9_ýz ýl. _+ 0.0,269.74V 
xZ ý bxJ 2(05 
b0. /0? 2(i)6 
(Where x. is distance along the jet axis from the origin x0 and b is the 
initial width of the jet. ) 
The turbulent mixing of a correctly expanded supersonic jet follows the 
general pattern of the mixing of low speed jets. The earliest investigaticns 
into supersonic jet mixing appears to be by Gooderum, Wood and Brevoort 
(26) who studied a plane jet of air at . Tuch Number 1.6 with a Nach 
Zehnder Interferometer. The nozzle was designed to produce a parallel jet 
and'throughout the tests it was operated at its design pressure ratio. 
The jet had an aspect ratio of 1 and the investigation covered the region 
from the nozzle exit to a position of 21 
- 11 - 
exit heights downstream (the initial mixing region only). The experi- 
mental results for the velocity distribution in the mixing region were 
compared with the theoretical profile due to iollmein. The numerical 
solution of Tollmain was of the form: 
Umx 
Cz 
where Oct was a constant of proportionality between the ni, d. ng length 
'1' and the distance x along the jet. 
Gooderum et al modified the reoulting profile and wrote their 
velocity distribution in the form: 
-SL = 
LIM 
With these modifications good agreement was demonstrated between the 
experimental results and the chosen profile when a value of o- = 15 
was used for the scale factor. For plane low speed jets Schlicting (56) 
and Hinze (32) both reported close similarity between the various theoretical 
profiles and a consensus of 11 a' E 12 for good, agreement with experinental 
data. This result was in good agreement with the conclusions of Abramovich. 
Bernhader and Pai (7) also using an inter-ferometer obtained similar results 
for a correctly expanded plane jet, of aspect ratio 2 at a nach Number of 
1.7. The latter workers found that a value of 0-"= 17 gave a suitable 
scale to the results. 
Subsequent investigators have concentrated on axially syr, retric 
jets. Warren (67) and Pitkin & Glassman (48) conducted experiments into 
the performance of two axially symmetric nozzles at Princeton University. 
- 12 - 
Warren presented me. -surements of static pressure and total pressure in a 
jet of Bach Number 0.97 'within the first 30 diameters downstream from the 
nozzle exit. The static pressures as measured indicated peak values 
approximately 4' below the ambient pressure, however, this was only 2; j of 
the local total pressure. Altho'u h the distributions of velocity were 
presented no compafison was made with any theoretical work and there was 
insufficient detail to allow other investigators to do so. A single 
series of measurements in a Nach Number 2.6 jet 2.55 in . exit diameter 
was presented, the position chosen was 15 diameters downstream of the exit. 
In this latter jet the measured static pressure had a peak value lOw below 
the ambient, but only 19S of the local total pressure. Pitkin and Glassman 
presented further results for this latter jet. Pitot pressure and static 
pressure profiles were measured and showed good agreement with the 
preliminary results of Warren. The rate of spread of the jet followed 
the expected pattern for an axially symmetric jet 
E oC Xj, but the measurements 
indicat4d a constant velocity core existing for appärximately 12 diameters 
downstream. 
A most comprehensive investigation of a correctly expanded super- 
sonic jet was reported by Johannesen'(34 and 35). A study was made of 
two jets of Mach Plumber 1.4 originating from nozzles of 0.765 ins. exit 
diameter and 0.739 ins. exit diameter respectively, yhadoweraph and 
schlieren photographs were presented showing the nozzle exit regions for 
both jet3. Jet 1 (0.765'') was seen to have a severe shock pattern but 
Jet 6 (0-73911) produced an srtrcmely uniform and shock-free jet. Pitot 
and static pressure traverses were performed within both jets. The 
traverses were extended further downstream in Jet 6 (to = 189) than 1N 
in Jet 1 (to 27). Results were presented for both jets and for 
- 13 - 
both the mixing region and the fully developed region. Within the 
mixing region the rate of spread? of the jets was studied, several 
definitions of the width of the jet being used. In each jet the rate 
äf spread was found to be directly proportional to Oxý for all definitions 
of jet width but for Jet 1 there were two sections each with a different 
coefficient. The velocity profiles were compared with the error function 
as suggested by Goertler. Very good agreement was demonstrated in each 
case when an appropriate value for the scale factor (o') was chosen, 
Jet 1 gave very good agreement with o-'= 21.9 for the region close to 
the exit and o-'= 11.9 further away, for Jet 6a single average value 
of o' = 13.7 seemed to be appropriate. The mixing region in both jets 
extended downstream to the position r--. = 
8.1 at which location the fully 
developed region was deemed to commence. 
The results. for the fully developed region of Jet 6 were found 
to exhibit similarity and showed good agreement with the expression: 
U= exP - O. 6 93a z mS) 
in which the numerical constant was chosen to make the curve pass through 
ru 
the point =1, ' U--'= 0.5. This jet also demonstrated the rate of 
"5 m 
spread proportional to 'xJ in the fully developed flow region, and the 
centre-line velocity decaying as 
xJ 
,. 
In these two reports a treat deal of emphasis was placed upon the 
measurement of static pressures within the jets. The work of Goldstein 
(25) and of Fage (21) was quoted. In those two articles estimations 
were made for the pressure differences due to the fluctuating components 
of velocity in low speed turbulent flows. Using the expressions 
suggested by the above authors, Johanresen estiiaated that errors of the 
-14. - 
order of 14; u' were likely in measurements of static pressure by 
conventional means. 
2(ii) Structure of Supersonic Jets 
A correctly expanded supersonic parallel jet exhibits a generally 
similar structure to that of the low speed jet shown in figure 2, with 
the 'potential core' becoming a region of mixed supersonic and subsonic 
flow. However, small differences of pressure between the emergent jet 
and its surroundings lead to significant changes in the flow structures. 
At this stage the mixing region becomes of less concern and investigators 
concentrate upon the transonic sections of the jet. With large 
pressure ratios little similarity with the low speed jet structure 
remains. 
At pressure ratios only slightly above that for correct 
expansion a repetitive pattern of disturbances appears. Figure 27 
shows the general form of the likely jet structure. Early investigators 
were interested in the wavelength of this pattern. Enden (19) was one 
of the earliest investigators followed by Prandtl (49). These two 
authors both noted the periodic structure from experiments and Prandtl 
attempted a theoretical analysis which yielded an expression for the 
wavelength. Hartmann and Lazarus (29) also performed experiments with 
jets issuing from circular orifices under various conditions. Their 
paper contains an informative -plate showing the small disturbances and 
then shock waves occurring as the pressure ratio was increased. 
Pack in two later papers, (46 & 147) used two analytical 
approaches to the problem: In reference 47 the linearised equations of 
motion were used to predict the wave-length of the oscillations for both 
-15- 
plane. and axisym-Metric jets. Packs approach whilst similar to that 
of Prandtl gave much better agreement with experimental results for 
sonic jets. Reference 46, the earlier of these two papers by Pack, 
together with a report by Owen and Thornhill (45) marked a significant 
change in approach to the problem. These two articles were the first 
of many to use the 'Method of Characteristics' to predict the flowfield 
of a supersonic jet. The Method of Charactersticshas now become well 
established and standard text books give an ample exposition of the theory 
(see Sear 57)or Shapiro 58). Pack considered a plane jet of Mach 
Number 1.5 at two values of pressure ratio. The jet exit pressurn in 
both cases was chosen to be higher than the local ambient pressure 
thus an 'under expanded' pattern was produced. A numerical method was 
used for the solution. The results showed how the coalescence of 
of characteristics of the same family created shock waves within the j. et. 
At the increased pressure ratio the shocks were shown to change from 
weak compression waves to intersecting shocks. Owen and Thornhill used 
the numerical method of characteristics to calculate the flowfield of a 
steady " axisymmetric jet of air issuing into a vacuum. The Mach Angle 
of the flow at the orifice was chosen as 85°(M=1.001+) the largest value 
consistent with avoiding the problems associated with exactly sonic 
conditions. The results were presented in a readily usable manner. From 
about 1950 onwards Love et al (40) were conducting a comprehensivo 
theoretical and experimental study of the flow in axi. symietric iree jets 
(M)'l). A large number of nozzles were constructed and schlieren photo- 
graphs were taken of the flows produced under various pressure conditions. 
The controlling parameters for the investigations were Jet Exit Mach 
Number and Jet Exit Flow Angle for an extensive range of pressure ratios. 
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The analytical work comprised calculations by the method of character- 
istics for each test condition. Good agreement was obtained between 
theory and experimental results for the plume shape of the jets and the 
position and shape of the intersecting shock. The results of this work 
have been used as basic data by many investigators developing approximate 
methods for predicting jet shapes and structures. 
The three references above constitute the main work using the method 
of characterics and few substantial advances have been presented subse- 
quently. However the work of Eastman and Radtke (16 & 17) on an axi- 
symmetric jet and the work of Sheeran and Dosanjh (59 &60) on a two-dimen- 
sional sonic jet compliment the results. In all of the above articles the 
plume shape and the intersecting shock shapes and positions had been 
consistent with the predicted conditions. However it had not been possible 
in any of the cases to predict the position of the Rieman wave (or Mach 
Disc) because this originated at a 'triple point' on the intersecting 
shock wave with a slip surface downstream. In turn this meant that the 
solutions predicted that the intercepting shock would continue to the axis 
of the jet at which stage the solution would be terminated or if the shock 
were very weak, regular reflection might take place. Abbett (1) suggested 
a flow model which enabled the axial position of the-triple point to be 
estimated and then used as, an initial condition for the solution downstream. 
A test case was calculated and the results compared favourably with data 
quoted by Love (40). 
Other authors had attempted to estimate the position of the Nach Disc. 
One of the more successful attempts was reported by Adamson and Nicholls (3). 
Using the. data provided by Owen and Thornhill they postulated an artificial 
nozzle with isentropic flow extending along the jet, and normal shock 
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recovery to ambient pressure at the exit from this nozzle. The length of 
the nozzle extension corresponded to the distance to the hach Disc. This 
approximation was in good agreement with the experimental results of other 
authors. 
A report of an experimental investigation of the properties of the 
flach Disc was published by Crist, Sherman & Glass (14). A study was made 
of the flow in a highly under expanded sonic jet. Several gases were used 
which had different values of the specific heat ratio, and the pressure 
ratios of the flow took various va: 'ues between 10 and 105, with appropriate 
stagnation temperatures. It was reported that the location of the Nach Disc 
was primarily dependant upon the pressure ratio and was insensitive to 
condensation, the specific heat ratio and the absolute pressure level. The 
diameter of the disc was however shown to increase with the specific heat 
ratio and the onset of condensation within the flow. 
It would appear therefore that it was possible to predict the jet 
structure upstream of a Mach Disc by means of the Method of Characteristics. 
The location of the Nach Disc and its size were not so readily predicted 
and alternative methods were still required. 
2(iii) Low Speed Jet Impingement 
As early as the beginning of the nineteenth century experiments were 
performed to study the phenomenoir of jet impingement. Willis (i3) in 
reporting his own work refers to earlier work in France. The careful work 
of Willis was directed towards determining the magnitude and direction of 
the force exerted upon a plate by a small jet of air issuing from an orifice 
in a plate. This work was an early demonstration that with the impingement 
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plate close to the orifice the force exerted upon the plate could change 
from one of repulsion to one of attraction. 
In addition to experimental in7estigations a mathematical interest 
had been shown in jet impingement as an application within the field of free 
streamline flow in two-dimensional classical hydrodynamics. A solution 
to the particular problem had become quite well known by the time that Talne- 
Thomson included it in his book (41). 
The advent of jet aircraft tirith vartical take-off capabilities 
presented a demand for greater knowledge of the flow processes. Various 
experimental investigations were therefore performed, two examples of which 
were the work of Ludwig and Brady (12) and Murdin (44). Recently Bradbury 
(11) presented a dimensional argument for correlating the results for 
different nozzle conditions and different heights above the ground. A 
similarity argument was used between the conditions in the free jet and 
impinging jet at appropriate axial locations. Experimental results were 
reported for various types of nozzle at velocities high enough for some 
compressibility effects to be apparent. The results were shown to confirm 
the similarity argument. % 
Cartwright and Russell (13) investigated the impingement of a slot 
jet (aspect ratio 24) and presented experimental results. Measurements 
of static pressure upon the impingement plate were recorded and presented 
non-dimensionally. The results were collapsed onto a single graph in a 
manner which was effectively the argument as suggested by Lradbury. 
Whilst no complete theory has been found for the impingement of a 
subsonic jet upon a flat plate, ample argument and'experinental confirmation 
has been published for the comparison of various configurations. 
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2(iv) High Speed JPt Impingement 
High speed jet impingement has been studied as an extension to the 
search for knowledge in VTOL conditions and in its own right for rocket 
launching and lunar landing conditions. 
The lunar landing programme prompted a great deal of work with sonic 
and supersonic jets exhausting under simulated lunar conditions, then 
impinging upon a surface. An extensive survey of the NASA sponsored work 
was given by Vick Cubbage and Andrews (66). Although in essence this 
work was similar to the current work the lunar simulation led to the use of 
extremely high pressure ratios and therefore very highly under-expanded jet 
planet. The articles of Roberts (52) and Stitt (64) indicated that the 
flow-field under these conditions was vastly different from that at pressure 
ratios approaching the correct expansion ratio. Therefore most of the 
approximations used within their approaches were not appropriate to low 
pressure ratios. The interesting suggestionsby Eastman and Radtke (18) 
and Yoshihara (69) suffered from the same limitations. The majority of the 
work derived from the lunar landing programme was therefore not of direct 
pertinence to the current investigations. 
Other approaches to the problem have not been in such concerted 
manner as the NASA work. 
Roberts (51) attempted bn analytical solution to the problem as 
a limiting case of a wedge in a supersonic jet with a 'stand-off' wave. 
hodograph. transformation was used and a solution for the stream-function 
in the form of a hypergeometric series was sought within the transonic 
region. Unfortunately the boundary conditions on the shock-polar were 
such that it was nbt possible to obtain stable results in the physical plane. 
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Henderson (31) also investigated the hodograph plane representation 
of the flow, in conjunction with an experimental programme. The work was 
concerned with a supersonic axisymmetric. jet impinging upon a circular flat 
plate which was positioned at various angles to the jet axis. A hodograph 
description was presented for the development of the flow pattern up to 
correct expansion conditions and impingement upon a plate normal to the 
axis of the jet. A further description was included for the pattern as 
the plate angle was inclined from the normal to the axis towards the 
tangential condition. The experimental programme involved the investigation 
of the flow from three nozzles ( A! = 1.8,2.01, & 2.14) impinging upon a 
plate at several inclination angles between 900 and 200. Some shadow- 
graph photographs were shown of the conditions with plate inclinations of 
00 
20 to 30 at a position two diameters downstream from the jet exit. Also 
some pressure distribution results were included but the relatively small 
number of pressure tappings used meant that they were an indication 
only of the, likely distribution. The main interest would seem to have 
been in the movement of the stagnation point with the inclination of the 
plate. 
Donaldson and Snedeker (15) also performed an experimental invest- 
igation with a free axisymmetric jet impinging upon a flat plate at 
various inclinations. These results were Given in rather more detail 
than those of Henderson but confirmed the trends shown. The nozzle used 
in this case was convergent only and was operated at three different 
pressure ratios corresponding to a subsonic jet and a sonic jet moderately 
under-expanded and highly under-expanded. An exploration of the 
conditions within the free jet had been undertaken prior to the impinge- 
ment studies. In the cases of the sonic jot a severe shock structure 
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existed due to the under-expansion even in the free jet. 
Gumner and Hunt (27) presented a very interesting approach to the 
problem following an experimental and theoretical investigation. The 
theoretical approach was based upon utilising the method of integral 
relations and polynominal approximation: developed in the work upon 
supersonic blunt body calculations. The origins of these methods 
appeared in tha work of Belotserkovskiy (6) and were surveyed by Hayes 
and Probstein (30). A siipilarity was suggested between the impingement 
of a jet upon a plate and the flow around a flat-faced disc. In the 
case of the disc the controlling scale was given to the problem by the 
diameter of the disc, in the jet case the jet diameter became the 
controlling parameter. A single strip version of the polynominal approx- 
imation was used. The results of cacluations for the shock shapes and the 
centre-line shock heights were presented for several jet Mach Numbers. 
At higher jet Mach Numbers the results compared very favourably with 
experimental results taken-from shadowgraph photographs. At lower Mach 
Numbers the agreement was not so. good, an error exceeding 50, ' in the centre- 
line shock height was reported`for a jet Mach Number of 1.61+. 
Sinha, Zakkay and Erdos (62) presented an alternative approach to 
the calculation of the flowfield of an impinging supersonic jet. In 
their solution they proposed that the steady-state solution of a ;. axed 
subsonic/supersonic flow could be considered as the asymptotic limit of a 
transient flow. Using a finite difference technique of the Lax-Wendroff 
type a lengthy calculation for an under-expanded sonic impinging jet 
was performed. A very detailed picture of the flow-field was obtained 
and it was compared with an interferogram obtained for the same initial 
conditions, by Sterrett and Barber (63).. The comparison was most success- 
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ful. The nature of the solution harked a notable step forward in both 
the impinging jet and the free jet which was also calculated, since the 
location and the shape of the Nach disc was obtained within the solution 
without recourse to semi-empirical criteria. 
A work of direct comparison with the current work was performed 
by Artingstall (5). Using a nozzle designed and used by Johannesen (34 
& 35) a study was made of this jet issuing from a circular plate and 
impinging upon a second one. The nominal jet Nach Lumber was 1. Lf.. The 
separation distance between the nozzle exit and the impingement plate 
was varied between = 0. llf and 
6=3.38. 
The pressure distribution 
NM 
upon the impingement plate was presented for each separation distance 
quoted. The resultant force upon the impingement plate was shown to 
change direction as in the case of the low speed jet. Schlieren photo- 
graphs were also-included for the smaller separation distance. Some 
experiments at a separation distance = 3.38 investigating the flow 
N 
along the plate, showed agreement with the wall-jet phenomena suggested 
by Glauert (23). 
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PART II 
EXPERI1"4ENTAL APPARATUS 
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Chapter 3 
THE DLSIGIT AND OPERATION OF THE i? LXPFRIi DENTAL APPA? ATÜS 
The general arrangezent of the experimental apparatus is shown in 
Figures 3&4. In outline it was similar in structure and operation to 
an intermittent blow-dow+n bind tunnel. Air fror the compressor plant 
was accumulated in the storage vessel over an extended period and then 
discharged rapidly through the settling chamber and thence the nozzle, 
the rate of flow being modulgted by the control valve. The duration of a 
test run was determined by the initial storage state and the nozzle flow 
conditions. In all cases the useful portion of a test run exceeded 
35 seconds. 
During a test run the experimental observations wore recorded for 
subsequent analysis. 
The entire apparatus was installed in a large laboratory (32,000 
ft3 volume) which could be made light-proof and was freely vented to the 
outside of the building. Since the air was exhausted from the apparatus 
directly into the room it was important that any rise of pressure within 
the room should be negligible. This condition was found to be satisfied. 
30) Compressed Air Plant 
The compressed air was supplied by a two stage reciprocating 
compressor which delivered 200 ft3 free air/minute at a pressure of 450 
t lbf/in. On leaving the compressor the air passed through an after- 
cooler-separator and then an absorber. The adsorber was an automatic 
'two tower' type operating at 1.50 lbf/int. The manufacturerla data for 
. the ad6orbcr indicated that saturated air entering at 150 lbf/in2 and 
.. `ý --_. 
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and 20 C would be dried to an outlet moisture content of 5 grains/lb at 25C 
(giving a dew point of approximately - 55C)) The maximum working pressure 
2 
of the storage vessel was 450 lbf/in and its volume was 500 ft. The vessel ". ; 
was fitted with a vertical stand-pipe of 4 in. nominal bore terminated 
in a conventional gate-valve to which the test equipment was connected. 
The entire plant as located in a basement immediately below the 
laboratory thus keeping the pipe length between the storage vessl! e and the 
apparatus to a minimum. 
3_(ii-) Control Valve 
The control valve was mounted directly upon the gate-valve on the ve 
standpipe. A Hammel-Dahl 'Venturiflo' Control Valve of 4 in -nominal bore 
was used. In this type of valve the inlet and exhaust axes were at right 
angles so that air entered vertically upwards and was discharged in a 
horizontaU direction. The internal passages of the valve were smooth and 
flow control was achieved by movement of 
.a 
profiled plug away from a fixed 
seating. The actuation for the valve was a manual/pneumatic system. A 
stop was positioned along the plug shaft by operation of a handwheel and 
air pressure on a diaphragm maintained the plug in position against the 
stop. Movement of the plug stop during a run enabled steady flow under 
predetermined conditions to be maintained in the settling chamber and 
nozzle. 
Fast opening of the valve was achieved by setting the plug stop at 
a partially open position and suddenly admitting air to the. diaphragm 
chamber by the operation of a solenoid valve. The pressure on the 
diaphragm rapidly moved the plug shaft. in the opening direction to the stop, 
thus opening the valve. Inan emergency the air behind the diaphragm 
S 
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could be vented rapidly by opening a second solenoid valve, the plug 
would then be returned to its seat by spring pressure. The air supply 
to the valve was cornpletelt independent of the air storage. 
This method of flow control enabled the pressure in the settling 
chamber to be controlled within 0.1 lbf/in2 of the nominal value through- 
out a test run (typical values 32.4 to 32.2 lbf/in2 gauge). 
3(iii) Settling Chamber and Initial Contraction 
The settling chamber for the nozzle was constructed from a circular 
tube 10 inches internal diameter and 54 inches long. The supply from the 
control valve to the settling chamber was 4 inches diameter and had a simple 
conical transition section. 
The pressure of the air inside the settling chamber was displayed on 
a large dial Standard Test Gauge for the operator of the control valve 
and was continuously monitored with a pressure transducer for recording 
purposes. A thermocouple, connected to an Electronic Thermometer, was also 
inserted in the settling chamber. This thermocouple gaven an indication 
of the total temperature of the flow. The indicated temperature showed 
a gradual drop of about 25 C. during a test run of 4.0-50 seconds. No 
other temperatures were measured. 
Since it was advisable that one should be able to change the nozzle 
configuration without major alterations to the structure it was a^cided 
to fýeöm an initial contraction withiin the settling chamber, upstream and 
independent of the nozzle. This initial contraction was 10 inches 
diameter at its inlet and 4 inches wide by 1j inches high at its exit 
(an area ratio of 13: 1). The overall length of this contraction gras 
. ný ý. ýý-ý .,, 
- 27 - 
12 inches. The exit led to a parallel duct"for. ed between the side walls 
(or windows) of the rig and two fixed walls. 
Various design methods for th: e profile of the contraction were 
contemplated but an original design was not pursued because centre-line 
coordiziates for the appropriate dimensions were available in reference 28. 
The final shape was achieved using longitudinal stringers and sheet aluminium, 
covered and filled with quick setting plaster. The plaster was then 
rubbed down and covered with several coats of hard gloss paint which was 
similarly burnished. 
3 
__(iv) 
Nozzle 
A general arrangement of the apparatus downstream of the initial 
contraction is shown in Figure 5. The nozzle was formed within the 
parallel duct from the exit of the contraction. The side walls were 
parallel and the nozzle profile was formed on the upper and lower walls 
only. 
The convergent-divergent nozzle was constructed from a solid 
throat of circular arc shape attached to a flexible plate and rigidly 
mounted at the exit. The height of the throat blocks was adjustable by 
means of screw jacks and the exit heights could be set with shims. The 
deflected shape (f the 'flexible plate formed the 'cancellation' portion 
of the nozzle. 
The designs of the nozzle profile was of the typo proposed by 
Foelsch (22). Foelsch's design method assumed a source flow, from a 
virtual origin, confined within diverging walls, expanding to a super- 
sonic condition. The diverging portion, tangentially joining the arc of the 
C 28 - ., 
throat block at OL' end, was joined by a cancellation section at the other 
to finally produce a parallel flow along the central axis. The shape of 
the cancellation portion was determined using the HHethod of Characteristics 
commencing from the radial flow and are of constant Mach Number at the end 
of the diverging section. Using this approach Rosen (53 & 54) showed that 
by a judicious choice of the ratio of divergence length to cancellation 
length, satisfactory wind tunnel nozzles may be designed from flexible 
plate contours. The geometry of the nozzle used-is shown in Figure 6. 
Rosen suggested using tapered plates but calculations for this case showed 
that the differences between the deflected shapes of a parallel plate and 
a tapered plate were minimal. Parallel plates 1/16 inch thick were there- 
fore used for this section of the nozzle, the material chosen was Wardson 
Precision Ground Flat Stock which had properties enabling the plates to be 
deflected to the required shape without permanent distortion. 
It was necessary in this application to maintain the nozzle exit in a 
fixed position, therefore the supports for the throat blocks were allowed 
axial movement during adjustment of the profile. 
The design Mach Number for the nozzle was chosen to be 1.4 at this 
value the isentropic flow curve of 
-. 
Pý a versus Mach Number shows a portion 
with the thrust varying only slowly with Mach Number. 
The procedure for fixing the:: nozzle profile was to set the exit 
hefdht at the appropriate magnitude and centrally in the duct by means of 
a long engineers parallel bar, slip gauges and a clinometer. The throat 
blocks were then symmetrically adjusted to give the required nominal area 
ratio. Test runs were then performed, initially with the settling chamber 
pressure and the pressure registered by the central exit pressure tapping 
as the operation criteria. When the settings were such that the correct 
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ratio of these pressures and the ambient pressures had been obtained, total ' 
pressure traverses were made in the exit plane of the nozzle. 
Two nozzle exit heights were used during the tests, 1 inch and I inch 
giving aspect ratios of 4 and 8 respectively. 
Comprehensive traverses in the vertical and horizontal directions in 
the exit plane of the 1 inch jet exhibited only very small variations in 
total pressure except at the very edges. For the 3 inch jet fewer traverses 
were performed but these too indicated very small varations only. 
Schlieren photographs of the jet show weak disturbance at the exit arising 
from the filled heads of the attachment screws for the nozzle. Generally 
the jets produced by both nozzles appeared satisfactory. 
All tests were conducted at settling chamber pressures that would 
give correct expansion of the nozzle and jet to ambient pressure, i. e. 
P. 
= 3.182 for the design Mach Number of 1.1j. 
Pco 
3 (ý) Impingement Plates and Nozzle Plates 
The Impingement and Nozzle Plates were mounted as shown in Figure vs 
All of the plates were manufactured from 
+ inch'thick duralumin. 
Two impingement plates were used, one equipped with pressure tappings 
in the positions as shown in Figure 76 and one plain for use during 
photography. The nozzle plates were rigidly mounted at the nozzle exit 
and fitted with pressure tappings : is shown in Figure 76. All of the 
pressure points on the impingement plate and most of those on the nozzle 
were formed by drilling holes through the plate such that 1.5 mm hyperdermic 
tubing was an interference fit in the hole. The tube was then sealed 
in position with Araldite on the back of the plate and the slightly 
protruding hyperdermic tubing was carefully 'stoned' off on the face to 
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give a flush square-edged hole without burrs. The remaining holes on the 
nozzle plate were formed by burying plastic tubing in slots in the plate 
and covering the tube entirely in Araldite. The surplus filler was then 
removed and the surface dressed flat. A single hole was then drilled 
perpendicular to the surface through the Araldite into the tube. No 
problems were experienced with leaks whilst using these arrangements. 
Two plate heights were used, 24 inches and 12.25 inches. The 
separation distance between the nozzle exit and the impingement plate was 
variable to about 11 inches. The setting of the separation distance was 
measured with slip gauges for distances less than 1.5 inches and with an 
internal micrometer for greater ones. The duralumin plates were flat 
to ordinary engineering tolerances, no additional measures were taken to 
flatten them. The separation distances were therefore set to an accuracy 
of . 002 inches, since no discernible deflections 
took plä ce during a 
test run it was felt that this accuracy was generally sustained. 
3(vi) Pressure Measurements 
The pressure measuring system was a combination of electronic 
transducers, standard test gauges, and a multi-tube manometer. 
The extreme pressures experienced were monitored with encapsulated 
capacitance type pressures transducers operating from a 10 volt d. co 
supply and producing a d. c. output linearly proportional to: "the"applied 
pressure. Within the unit there was an oscillator-demodulator arrangement 
monitoring capacitance changes. The output signal from the transducer 
was recorded in an Ultra-Violet Galvanometer Recorder. Six channels 
were available on the recorder and the galvanometers used had natural 
frequencies of either 100 Hz (B1DO) or 150 IIz (B150). 
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Throughout a test run a continuous record was made of the settling 
chamber pressure with one transducer whilst two others were used to 
record pressure obtained by scanning a series of the static pressure 
holes. Two means of scanning were used, for the centre eleven holes on the 
impingement plate an automatic scanning switch was designed and built, a 
further ten holes could be scanned by manually switching a pair of 
Drallim valves. The automatic switch, shown in Figure 8, was driven by a 
65 watt electric motor rotating at 46 rev/min. The motor drove a Geneva 
mechanism and through a 3.1 gear ratio the scanning disc. The disc 
, __ connected 
in turn each of twelve ports to a central port to which the 
transducer was connected. One complete revolution of the scanning 
disc occurred every 152 seconds, during this time each port was sensed 
for 0.97 seconds, and motion between one port and its adjacent one took 
0.33 seconds. The rate of scanning and the response time of the trans- 
ducer-hole. combination was adequate for a steady state reading to be 
obtained. The seal on the scanning disc face was achieved with 101 rings 
and no leakage was detected over the required operating range (+ 80 lbf/- 
in to - 13:. lbf/in ). Tests were conducted on each port individually and 
with all ports in operation, in all cases the result were satisfactory. 
In addition tests were made to ensure that the pressures indicated were 
not falsified' by either the length of the connecting tubes or by the 
process of scanning. A continuous reading using the shortest possible 
connection was compared with a scanning reading of two adjacent pressure 
holes previously found to indicate the same reading. Two tests were 
performed exchanging the connections after the first test, in neither 
case was any error discernible. 
-Scanning by means of the Drallim valves was performed manually and 
each port was connected in turn to the transducer for at least 2 seconds. 
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The remaining pressure tappings were continuously connected to 
a 35-tube multi-tube nanorieter, using mercury., which was equipped with a 
clamping mechanism for 'freezing' the displacement of the columns. 
The galvanometer deflections induced by the pressure transducer 
signals were recorded on photo-sensitive paper in the recorder, together with 
these, further signals indicating the position of the scanning switch 
and the Drallin valves were recorded. 
Prior to each test run all transducers were calibrated, by the static 
application of pressure, against a mercury U-tube manometer to atmosphere, 
p or a Standard Test Gauge. Every record of a test run therefore displayed at 
its corimencement a calibration of the transducers used. 
With the range of pressure measuring devices used and their correct 
application to appropriate pressures it was estimated that the overall 
accuracy of the measurements was better than + 2%. 
3(vii) Optical System 
Shadowgraph and Schlieren photographs were taken using the same 
basic system. % 
The apparatus was of the conventional single pass type based upon 
two 4 inch diameter concave mirrors of focal length 48 inches. The source 
unit was a 50 watt car headlamp bulb powered by a heavy-duty 12 volt 
battery. The light from the bulb was focused with a condenser lens and an 
adjustable slit unit placed at this focus. The effective source size was 
therefore adjustable and was sharply defined by the slit. The position 
of the source unit was arranged so that the effective source was at the 
focus of the first concave mirror. The light leaving this mirror was 
therefore formed into a parallel beam which passed perpendicularly through 
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the windows of the rig and the working section then falling on upon the 
second mirror. The image formed was recorded on 35 mm. Ilford H. P. 4 
film held in a single lens reflex camera body with a focal plane shutter 
and using a separate simple focusing lens of 175 mm focal length. In 
most cases the exposure time used was nominally . 002 seconds. 
Schlieren photographs were obtained by placing a cut-off at the 
focus of the second mirror, thus blanking off part of the image of the 
source that was initially formed there. Initially a razor blade was 
used for the cut-off but latterly a graded-filter was used, this gave 
improved focusing of the final image. For the Schlieren work the source 
and cut-off units were arranged vertically or horizontally (parallel to 
or perpendicular to the impingement plate), and the images recorded at both 
of these settings. 
The entire. system was set in a horizontal plane which could be 
positioned at levels between one corresponding to the horizontal centre- 
line of the nozzle and one -12 inches higher. 
The two windows forming the side-walls of the apparatus were 24 x6 ins 
and could be set with the long axis vertical or horizontal4 thus giving 
full coverage of the flow paths. 
Some difficulty was experienced with light reflected from the 
impingement and nozzle plates, these were therefore painted black but in 
spite of this and very careful adjustnent and setting of the'oplktcal units 
the reflections could not be eliminated completely. 
Generally the optical work was conducted with no other lighting in 
the laboratory except for a single light illuminating the test gauge 
indicating settling chamber pressure to the operator of the control valve. 
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3(viii) Traversing Mechanisms 
Total pressure traverses were made during the nozzle setting process- 
and then in the far field to determine the properties of the jet. 
A simple hand operated wormwheel traversing gear was mounted on 
appropriate parts of the main structure and the probe attached to it. 
The duration of a test run was insufficient for the probe to be sot in 
predetermined positions and reading taken at each of these. A continuous 
traverse was therefore undertaken with the position of the probe simul- 
taneously recorded. The record of the position was obtained from a resis- 
tance chain with a linear stroke potentiometer connected to the traversing 
arm. The stroke of the potentiometer was 5 inches thus allowing a 
complete traverse across the width of the'jet between the windows, and the 
full height of the jet even at the extreme distances in the jet. The 
potentiometer signal and the, signal from the pressure transducer monitoring 
the probe pressure were simultaneously recorded by the U. V. Galvonometer 
Recorder. The rate of traversing was determined by the operator but 
was generally arranged so that by steady rotation of the handle a traverse 
'across and back' to the starting position could be made during a single 
test run of about 40 seconds duration. (A traverse rate of about 1 inch in 
5 seconds. ) . 
Two probes were used during the measurements, a square ended total 
pressure tube . 065 inches outside diameter and an ellipsoidal nose pitot- 
static tube . 096 inches outsi$e diameter. 
S 
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Chapter 
THE FREE JET RESULTS 
It was decided at any early stage that a good knowledge of the 
properties of a free jet was required in order to study carefully the 
impinging jet phenomena. At the high velocities used for the jet it was 
felt that in spite of its deficiencies the best method to obtain the 
required information for the particular jet under investigation was by 
pressure traverses. In order to obtain some indications of the effects of 
jet aspect ratio two settings of the nozzle exit height were used. The 
initial nozzle setting was for an exit height of 1 inch and hence aspect 
ratio 4. The second setting tr the same Mach Number (1.4) was an exit 
height of 0.5 inch (aspect ratio 8). The characteristics were required for 
both jets operating under the correctly expanded conditions. The jets 
were therefore operated at their design pressure ratios of 3.18 with exit 
at ambient pressure, and pressure traverses were performed. 
4(i) Reduction of Pressure Results 
Knowledge of the pitot pressure and the static pressure enable one, 
by use of the gas equations for adiabatic flow, to calculate the local 
Mach Number of a flow. The relationshipSso obtained are: " 
Po 
(where p is the static pressure and po is the total pressure) 
for subsonic flow when Qhd Po 2/ 
r4T e4l 
(where (p2)o is the pitotýpressure) for`cupersonic flow. 
Tabulated values of these functions may be found in reference 55. 
v - 37 - 
For the purpc^es of this work it was felt adequate to assume that 
the static pressure within the jet was constant across the jet and equal 
to the local ambient value. This assumption is open to question but the 
means available at present for measuring the static pressure in a high 
speed jet, are not sufficiently accurate to give much greater total 
accuracy to the results. 
4(ii) Pressure Probes 
Two probes were used for the traverses as described in Section 3(viii). 
The smaller of the two was found to be liable to excessive vibration. A 
second tube of the same nominal design was therefore made and supported by 
a thin faired steel strip, this eliminated the vibration at the expense 
of a bulky support. However, when the problem of the indicated asymmetry 
of the jet was encountered, (see Section ! v(iii) below) it was decided to 
try the larger tube which required low support. The results of a traverse 
in the same axial position with the two probes are shown in Figure 9. 
Since the traverses- show good agreement the larger tube with the ellip- 
soidal nose was used for all subsequent tests. No further problems with 
vibrations were encountered. 
(i4 ii) averse Details 
Close to the nozzle exit it was possible to perform an'axtal traverse 
accurately along the jet horizontal centre line in the 1 inch jet. As the 
distance from the exit was increased it became difficult to set the probe 
on the centre-line to sufficient accuracy. Therefore traverses in a 
vertical direction across the jet at discrete distances from the jet exit 
were performed. These traverses supplemented the axial traverses in the 
initial region of the 1 inch jet and extended the exploration of this jet 
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to a maximum distance of 14- inches downstream from the nozzle exit. The 
inch jet was explored with vertical traverses only. The centre-line of the 
jet was then determined from considerations of maximum reading and symmetry. 
During early traverses some asymmetry was apparent in the Mach Number 
profiles obtained by these vertical investigations. It was found that 
this asymmetry was dependent upon the mounting of the traverse gear but 
was independent of the direction of the traverse. With the traverse ; ear 
and mounting arrangement for the probe above the jet, traverses in both 
directions showed the jet to be wider below the centre-line than above 
it. Mounting the traverse gear below the jet showed the reverse trend. 
It was concluded that the support for the probe was entering the jet and 
was deflecting it. '' - Figure 10 illustrates the results obtained 
by vertical traverses fron-wove and below the jet and with the downward 
traverse plotted in reverse about the indicated maximum reading. In view 
of the agreement obtained by this method of reverse plotting it was 
decided that the displacement was taking place beyond the jet centre-line 
only and that the traverse inwards towards the centre-was- unaffected. 
Since it'was not possible io mount the probe in a more remote manner and 
retain the required rigidity and reliability of location, the traverses 
were continued as before. All of the results presented were therefore 
based upon the section of each traverse in the inward direction towards 
the centre for the side of the jet nearest to the mounting point of the 
traverse gear. In the 1 inch jet 
'a 
single traverse was perform':: t 1 inch 
east of the centre-line, of the et at'a distance 
ý" 
jet 8.5 downstream 
from the nozzle exit. The results are Presented in Figure 11 where they 
are compared with those for a_traverse on the centre-line at the same 
axial position. The differences between the results were very small 
indeed. No general conclusions could be drawn from this single traverse 
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but it did indicate some consistency in the jet profiles. 
(iv) Discussion of the Results of the Jet Traverse 
The general trend of the results was in agreement wrthh the well 
established characteristics of free jet flows described above (Section 
2 W. The variation of maximum flach Number in the jets with distance 
from the nozzle exit is shown in Figure 12. 
A constant Each Number Core extended downstream fror the nozzle 
exit followed by a far field region in which tho Mach Number decayed as 
approximately. xi 
The composite Nach Number distribution curves for the 1. inch jet 
(Figure 13) confirmed this general description. The constant Mach 
Number region appeared to extend downstream to a position 
bý 
ýr 5 
at which some deviation from the jet Mach Number became apparent. 
Since the experimental results fit closely into the well 
established divisions the results will be discussed below under the 
two usual headings. 
4 (iv) a Jet Mixing Region 
Several authors have considered the t2ixing region at the edges of a 
free jet issuing into still air. It is usual to present data concerning 
the width of the mixing region and the time mean velocity distribution 
within it. Similar data is presented here. The origin for the velocity 
profiles has previously been chosen as the point at w? eich the local 
velocity is one half the, --maximum value. Here the position at which 
ti ' 
0 
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the Mach Number ratio was one half has been used throughout. Various 
definitions of the width of the mixing region have been used and 
following Johannesen (34 & 35) the three used most frequently are quoted 
here 
a) 
a ya Distance between 
. Z. e. 
b) Au6 = Distance between 
, c. c. 
c) A IC = Distance between 
cý)-O. 9 g 
Mm 
- 0.9 "ý 
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(JL) 
m 
=0.95 
i. e. 
M_O. 9. S 
(ü)= UM 
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All of these definitions should produce the same virtual origin 
for the mixing region, Figures 14a) & b) show the results for each 
of these definitions of width at various positions in the two jets. Also 
shown are the best lines through the experimental points, determined by 
a least squares procedure. Both jets show a linear growth with distance 
in all of these cases. The origins of the mixing layer, extrapolated from 
the lines for each definition of width shows good agreement in both 
jets. The number of points in the narrower jet was rather small buh 
served to illustrate the general agreement. In each jet the origin of the 
mixing layer was a virtual one lying upstream of the jet exit. The 
rate-of increase of width of the region was slightly greater in the 
narrower jet for all definitions of the width. The numerical values 
for the rate of spread show similar values to those reported by 
S 
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Johannesen. The r: sults for the narrower jet were almost identical with 
the values reported whilst in the wide jet the values were approximately 
15% lower for 6j4 and Ay, 
Goertler (24) indicated that the velocity distribution in the mixing 
region of a jet should take the form 
U 
UM ?[=%% '- erb' 
]... 
4(iv) 
where = Q' and o-' is a free constant (see 2(i). The best 
ze 
value of e-' for each jet was determined as follows. For each definition 
of jet width a best line had been determined. The slopes of these lines 
were compared with the values off at the appropriate values of -UM ' 
A value of o' wan thus obtained from each jet width definition and an 
average obtained for each jet. The results of this process yielded a 
value of Q'= 17.0 for the 1 inch jet (aspect ratio 4) and a value of 
a-' = 16.9 for the narrower jet. These values were in close agreement with t-, 
the results of Gooderum et al (26) a-'= 15, and Bershader & Pai (7)47'= 17 
for plane jets. The results due to Johannesen (35) showed rather different 
values. Two types of mixing region were reported in one jet. Close to the 
nozzle exit a half jet flow existed for which o- = 21.9, beyond this 
region a partially developed axially symmetrical region was reported for 
which o-'= 11.9. The second jet s?: owed agreement with the latter region 
with a value o-'= 13.7 throughout. The plane jet results therefore gave a 
higher value for o' than the axially symmetric region. The current results 
a"'= 17.0 and o-'= 16.9) show agreement with this trend, i. e. a plane jet 
mixing region spreads more slowly than an axially. one. 
0 
Figures 15 uVb show tho experimentnl dntn for tho Noch No, 
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distributions using the average value of o-' for each jet as calculated 
above. The curve of equation 4 (iv) 1 is also shown for comparison. Good 
agreement is shown in both jets. The small divergence in the results 
at low values of Mach Number ratio in the narrowest jet near the nozzle 
could be attributed to experimental difficulties, the total width 
at this particular position was 0.11 inches only. 
These results for the jet mixing region confirm the results of 
previous investigations in plane supersonic jets who used optical methods 
to determine the flow properties. 
4 
-(iv) 
b. Fully Developed Jet Flow 
The width of the jet in the fully developed region has been defined 
as 'ollows: 
Jet width x öx 
= 2[J% 
ýNý, 
' 2 Mm1 - yx 
ýM "Mm)l 
"""""" It(iv)2 
Figure 16 shows the variation of the jet width as defined above for the 
entire range tested in both jets. The results show the small rate of 
spread associated with the mixing region followed by the larger rate 
of spread experienced in the fully turbulent jet flow. Also shown on the 
diagram are straight lines drawn through the data for each jet. The lines 
were determined for the data 7<b< 1' by a least squares 
procedure in each case. The agree:,. ent of the data with these lines 
confirmed the expected linear growth with distance downstream. The result- 
ing expressions for the jet width were as follows: 
b 00q5-J:.. 0-0073-- 1 
-"--ý? e 6) 
) 
b (iv)3 
= 0.0796 +; 0.0876 
----"-"l 
z ýeEý ) 
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Using the effective origins for the jets defined by these equations 
the best lines through the Mach Number decay data were obtained. 
M, 
1ý .( 
bJ - 0.077) 4Civ)if 
Mm 
_ý 
865 
y --- --(z 
ý'? 'etý ) 
Mj (bj + I. lol) 
(These equations are represented by the curves in Figure 13). 
The basic characteristics of the plane supersonic jets were found 
to be similar to those of fully developed low speed jets. The particular 
constants appearing in the above equations can therefore be compared with 
those quoted by Bradbury (10) and reproduced as equations 2(i) 5&6 
herein. The general agreement is quite good but a trend towards lower 
rates of spread and lower rates of decay was found in the current experi- 
ments. This trend could be due to the higher velocities. in the current 
work but the possible effects of the aspect ratio of the jets cannot be 
ignored. With a relatively low aspect ratio the effects of the side 'walls 
may well increase the rate of sprezd of the jet. This effect would be 
consistent with the differences between the two jets tested here but it does 
not explain the overall lower values. 
The distribution of Mach Plumber within the two jets is shown in 
Figures 17 a) b). The results of previous authors work suggest three 
possible expressions for the Mach Number Distribution. 
11 ý M= ex p 
[- 0.67492(1 + o. o 69F ..... 11(iß) 5 m (Bradbury (10)) 
M 
AM eý 2.............. It (iv) 6 
(Goortlor (210) 
, 
-ý1- x- 0.6 932 y! 
7 
.......... 4(tv)7 
. ,. 
(Johanneson (31, & 35) ) 
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These three relationships are plotted in Figure 18. The small 
differences only between them are mainly at the outer edges of the jot. The 
curve due to Bradbury was derived from comparison with several sets of 
experimental work in low speed jets. This curve was therefore drawn on 
Figures 17t for comparison with the currently reported data. The general 
agreement of the experimental data was good in each jet. The results for 
the 1 inch jet showed good agreement with the curve of equation 4(iv) 5 
whilst the results for the j- inch jet showed better agreement with equation 
4(iv)7. The differences however were very small and in view of the 
experimental difficulties, not significant. The only comparable work 
in the fully developed region of a supersonic jet was that due to 
Johannesen (34 & 35). The characteristics of the axially symmetric jet 
used in that investigation were similar to those existing in low speed jets. 
The current results for the two plane surface supersonic jets tested show 
that the consideration adopted in low speed jets are similarly suitable to 
supersonic jets. 
The time mean properties of the two jets used in the impingement 
studies were thus established and shown to conf©rm to the usual pattern in 
low speed jets. The characteristics could therefore be used in consideration 
of the impingement phenomon. 
!ý (y) Flow Visualisation of the J,: t 
A schlieren photograph cf the jot expanding freely iron, the 1 inch 
nozzle is shown in Figure 19. Tho composite photograph covers the range 
b, 5 
,"A 
Shadowgraph is also shown which covers the range 
o'_< 3 
In the schlieren photograph the disturbance arising from the nozzle 
surface can be seen only too clearly whilst disturbances occuring just 
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upstream of the lip of the nozzle can also be seen. Considering first the 
disturbances from the nozzle upstream, these propogate initially as 
straight lines at the Mach Angle to the flow. The angle that they make 
with the flow direction confirms the value of the initial Each Number. 
(Mý =1.4j/a = 4S5 j 44146 4bß.. Additionally the very small deviations 
as the disturbances from the upper surface interact with the ones fror 
the lower surface indicates that they are in fact very weak. These 
disturbances were due to small irregularities in the nozzle sui-face 
which were caused by, the method used to attach the nozzle contour plate to 
the main structure. With regard to the disturbances fron the lip of the 
nozzle a study of the shadowgraph revealed that these gave rise to the 
classic type of regular reflection of weak shock waves. This was confirmed 
where the first waves reach the jet boundary and were reflected as 
expansion waves as can be-seen in the schlieren photograph. The latter 
photograph showed these reflections recurring downstream to 
bý= 4 at 
which stage the photograph became indistinct. Although schlieren studies 
were attempted further downstream no reliable results were obtainable. 
At pressure ratios other than the one chosen for tic test, and used 
subsequently, the lip disturbances were very much more severe. Consider- 
ation of this flow pattern together with the readings of pressure tappings ;s 
positioned at the nozzle exit established the best expansion pressure ratio 
for the nozzle. Ideally the shock refledtion pattern would be reduced to 
Mach Wave intersections, however, unless the pressure ratio was very high 
a weak shock wave system was presort.. This shock system arose froth the 
joint of the nozzle contour plate with the nozzle exit plate. However, 
regular reflection on shock waves occurs only for weak shock waves, therefore 
the strength of these waves must have been very small and was therefore 
acceptable. 
i 
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PARTIV 
THEIMPINGINGJET 
w 
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Chanter 5 
THE GEU RAL PROP tTILS OF THE I11PINGING JET 
The flowfield of a low speed impinging jet has a relatively simple 
physical description, this is not true of a'supersonic impinging jet. With 
supersonic flow a complicated pattern of expansion and weak compression 
waves together with shock-waves becomes apparent. The first aim of the 
investigation was to desrcibe this pattern at various separation heights. 
from the results of flow visualisation studies. The description was then 
to be correlated with pressure measurements. 
5 (i) The Description of the Flow Field 
An overall description of the(lowfield will be given first with 
detailed description following. It seems permissible to sug-est that the 
conditions in a free jet will be important when that jet impinges upon a 
surface. 
Consider then a superscnic jet with the charadteristics described 
above in section 2 (i). At some distance downstream from the nozzle the 
flow in the det will be subsonic entirely. If an impingement plate is 
placed normal to the axis of the jet in this region then the flow field 
is in general that of a subsonic cheated jet impinging upon the plate. 
ure- In this case the streamline curvatisu will be continuous and there will be 
no discontinuities in the flow. The free jet studies indicated that for the 
particular jets of this investigation the entire flow was subsonic for 
am 7/S Upstream of the subsonic portions of the jet there is a region 
where the vast majority of the jet is cubaonic with a small *entral section 
that'is just supersonic. This latter regions merges into one in which 
there is a considerable portion 
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of supersonic flow but with a highly sheared profile. These two regions 
appear to extend between ISý s>>S, The impingement phenomenon in these 
regions is rather obscure and no single description would appear to be 
possible. However to decelerate the supersonic flow it must pass through 
a shock wave or waves. It would seem likely that at the larger separation 
distances the decelaratiön takes place through oblique waves and then a 
small section of normal shock appears as the separation distance is 
decreased. 
The regions described'so far have been influenced considerably by 
viscous effects in that the sheared profile arises from the edge mixing 
region of the jet spreading inwards. At distances 
bJ L3 the main 
unIfor ne 
portion of the jet was of nominallyysupersonic velocity with a relatively 
small mixing layer surrounding it. In this region the impinging flow 
behaves substantially in the manner of the classical inviscid supersonic 
flow. Within the jet, at some distance upstream of the impingement plate, 
a shock wave is formed spanning the jet. At the intersection of the 
shock wave with the jet edge an expansion takes place turning the edge s 
line. Further turning of the edge streamline takes place along a constant 
pressure boundary until the flow becomes a free boundary flow along the 
plate. The edge of the jet and the free boundary flow have mixing regions 
along them and the flow along the plate is subject to the growth of a 
boundary layer, a wall jet type of flow. However, the central portion 
of the flow is in the main inviscid. The experiments of Arbingstall (5) 
demonstrated that in the outer region a counter flow takes place inwards 
towards the main jet along the surface of the nozzle plate. This induced 
flow supplies additional mass flow for the growth of the wall jet region. 
The general features described within the central impingement region 
hold for decreasing separation distances until at come configuration the 
4 
0 
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increasing width cf the flow along the plate fills the space between the 
two boundary plates. The flow away from the axis between these plates is 
then a duct flow, this change in flow pattern would seem to occur at 
Further decrease of the separation distance leads to the ultimate 
disappearance of the supersonic jet. Eventually the flow area in the 
impingement region decreases to a smaller area than the throat area of the 
nozzle. The sonic condition is therefore transferred from the throat of the 
nozzle to the new critical cross-section. The impingement region is then 
one of a subsonic turning flow with supersonic duct flow away between the 
plates. This final critical condition occurred at 
b=0.6 
.5 in the 111 jet. 
There are therefore five main types of impingement flow: 
a) entirely subsonic impingement at large separation distances; 
b) partial subsonic impingement at moderate separation distances; 
c) inviscid supersonic impingement in the noarfield of the nozzle; 
d) supersonic impingement with duct flow away from the impingement region; 
e) subsonic impingement with supersonic duct flow at very small separation 
distances. 
Flow visualisation by shadowgraph and schlieren techniques has 
yielded useful results in categories (c) and(d) only. Some studies 
were made in region (b) but the pictures were obscure in the impingement 
region and no really clear features were apparent in the jet. At very 
sma]l separation distances great difficulty was encountered with 
reflections from the plato surfaces. These reflections occurred because 
of the depth of the flow field (flinch) and the severe density gradients 
encountered within it. The smallest separation distance at which 
reasonable photographs could be obtained was at 0.8 (in the 1 inch 
I 
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jet and hence 0.81x. 
Since it was possible to produce flow visuälisation data in the 
types c) and d) of the impingement flow detailed description of the flow 
field will be confiOed to this range of separation distances. 
5 (ii) The Structure of the Jet Impingement Region 
. gure 20 shows drawings of the impingement region for a correctly 
expanded uniform supersonic jet impinging normally upon a flat plate. The 
effects of mixing layers and boundary layers have been ignored. The 
phenomenon is shown in the physical plane in Figure 20 (a. A uniform 
parallel jet is spanned by the curved shock wave 1-2, this wave is 
drawn on the shock polar for the initial Mach Number (N) in Figure 20 b) 
with the corresponding notation 1' - 2'. At the junction of tie shock 
wave and the jet edge, 2, the flow downstream of the shock wave is sonic and 
a centred expansion wave (2a' - 2'b) expands the flow, to the boundary 
pressure and a velocity slightly below the initial free stream velocity. 
The expansion fan spreads into the jet as far as the sonic line (2b 3a) 
from which it is reflected as a compression wave (3a' - 3b'). The 
compression wave returns across the super sonic region to the constant 
pressure jet edge from which it is reflected as an expansion. Repeated 
reflections take place between the jet edge and the sonic line turning the 
ent3: e flow until an expansion wave from the jet edge, reaches the 
impingement plate instead of the sonic line. The first expansion wave 
to reach the plate will be reflected as an expansion wave thus accelerating 
the flow along the plate to supersonic velocities. It should be noted 
that. the final velocity possible along the impingement plate is less than 
the jet edge velocity because the stagnation pressure ddop across the 
shock wave at (1) is greater than that at'(2). 
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It is apparent from the above description for a completely para1121 
jet issuing freely, that the shape of the shock wave and its location 
relative to the impingement plates, should be unaffected by the separation 
distance. However, in practice the surfaces at the exit from the nozzle 
and the near proximity of the impingement plate modify the pressure 
surrounding the jet and give rise to disturbances within the jet. Also 
as distance from the nozzle is increased the mixing layers at the jet edge 
spread and these will affect the outer parts of the shock wave. 
(iii) Shadowgraph and Schlieren Photograph 
The foregoing sections described the general features of the flow 
field of a supersonic impinging jet. The results of the present series of 
tests will now be compared with that general description. The flow 
visualisation studies were performed in the 1 inch, -'Jet mainly although a 
few photographs were taken in the J inch jet for checking the nozzle setting. 
Shadowgraph and sihlieren photographs were taken at most settings and 
where it was appropriate. the schlieren cut-off was rotated through 980 
to:. illuminate further details of the flow pattern. (A description of 
the optical system was given in section 3 (vii). 
Commencing with the studies at the larger separation distances, 
the schlieren photograph for 
b=3 (Figure 21) showed the impingement 
region as a rather indistinct compression area. This dark area had a 
relatively sharp -upstream edge which could be described loosely as a 
shock wave spanning the jet. There is however, some doubt in this inter- 
pretation, inspired by the general dark (compression) area downstream. The 
exit from the nozzle showed the internal disturbances and a small expansion 
11. 
around the lip of the nozzle. With the separation distance reduced to 
the schlieren photograph £Figure 22) showed the shock wave distinctly, the 
S 
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approximate position of the free streamlines could also be seen. In this 
case the disturbances arising at the nozzle lip appeared stronger and the 
shock wave was located at approximately the same position as that at 
which the-lip disturbances reached jet boundary. Downstream of the 
shock wave the free boundary of the deflected flow could be observed turning 
to a direction generally along the impingement plate. With further 
decrease in separation distance the lip expansions from the nozzle lip 
began to intersect the shock wave and modify its shape, (Figures 23-26). 
In those photon a;: hs which showed the flow away from the centre- 
line a compression could be seen within the flow (Figures 22 & 36b). 
This compression system became apparent on the schlieren photographs at 
a separation distance 
b=2 
and became stronger with decreasing 
separation distance. Also the position of the system seemed to move , 
inwards towards the axis with decreasing separation. distances, but this 
movement was not sufficiently marked for definite conclusions to be 
drawn. 
A composite photograph covering Ehe entire flow on one side of the 
jet axis for a separation distance, 
b=1.0 
is included as Figure 
37h. The flow visualised was in the category with supersonic impingement 
and supersonic duct flow (d) of section 5 (i)). The impingement region 
followed the description above but the free boundary could be seen, to 
reach the nozzle plate. A compression arose from the alteration of the 
free jet boundary, this compression reached the impingement plate and 
gave rise to a pair of oblique shock waves which were then reflected 
between the two plates gradually growing weaker until a shock expression 
pattern finally decelerated the flow. The intersection of the first 
compression. with the impingement plate coincided with the compression 
system mentioned previously. The small disturbances arising from the 
nozzle plate in this photograph were due to the fact that some pressure 
i 
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tappings on the nozzle plate were left open to atmosphere. At those 
locations the flow static pressure was sub-ambient and hence a small 
amount of air entered the flow via the tapping tubes. These disturbances 
were used to give an additional indication in the photographs of the 
distance along the plate. It can be seen that these extra disturbances 
did not interfere with the main features of the flow. 
5 (iv) The Structure of a Slightly Underexoanded Jet 
The schlieren and shadowgraph photographs of the previous section 
showed expansion waves emanating from the lip of the nozzle. That 
condition is described as the 'under-expanded' jet condition. 
It is pertinent to describe the effects of these expansions on 
the flow within the jet. Figure 27 shows a sketch of the general pattern. 
The lip expansions arose because the static pressure of the jet 
at the nozzle exit was higher than the local static pressure outside the 
nozzle. Since the flow was supersonic an expansion takes place which 
may be a centred expansion, located at the nozzle lip. Through this 
lip expansion the flow Mach Number was increased and the edge streamline 
underwent an su.: den change of inclination, towards the. region of lower 
pressure. The diagram (Figure 27) shows the first and last Mach Waves 
of the expansion and the free boundary of the jet. The Mach Waves 
(or characteristics) of the expansion are straight lines in regions of 
uniform flow where waves of the opposing family are absent. Where 
both families are present the characteristics are curved lines., The, jet 
flow shows the two lip expansions crossing in region Z on-. the jet axis, 
this does not affect the sense of the waves and they continue as 
expansions until they reach the free jet boundary. At the free constant 
w - 54 - 
pressure boundas;; the expansion waves are reflected as compression 
waves and this results in a change of direction of the streamlines. 
Beyond this region the compression waves continue and may coalesce 
to form oblique shock waves. 
It is the initial expansive flow region which is of pertinence 
to the flow visualisation studies so no description of the flow 
further downstream will be offered. 
:° The diagram shows also a typical streamline (cd) within the flow 
and the variation of Nach Number along the jet axis. 
5 (v) The Modification of the Shock ! -lave by Expansion Waves 
The presence of weak disturbances in the jet emerging from the 
nozzle modified the shape of the shock-wave (1-2 in Figure 20). As 
a result the magnitude of the jet edge expansion and the turning of 
the free streamlines would also be modified. The other main features 
of the flow field remain similar. The weak disturbances in the jet 
arose from two sources a) irregularities in the nozzle profile and 
surfaces, and b) lip expansions at the nozzle exit. The latter were 
more severe than the former but pressure measurements on the nozzle 
plates indicated that they were always expansion waves. The main 
characteristics of the jet flow were, therefore, similar to those of 
an under expanded jet as described in section 5(1v') above. At some 
separation distances the flow upstream of the shock wave was affected 
considerably by the disturoances but two cases presented situations 
in which the disturbances were limited. These two cases will be dis- 
cussed first and a general discussion of the remaining results will 
follow later. 
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The two cases to be studied initially art. shown in Figure 28. 
The effects of the expansion waves upon the shock wave will depend 
upon the nature of the intersections. Two general types of inter- 
section occurr. 
a) Expansion waves intersect the shock wave before they have 
crossed the jet axis (i. e. expansion waves and the shock 
wave are of opposite 'family'). 
b) Expansion waves cross the jet axis before they intersect 
the shock wave (i. e. expansion waves and the shock waves 
are of the sane 'family! ). 
The velocity profiles for the two cases illustrate the difference 
between them. Consider the profile as the distance from the axis is 
increased. In the first case the disturbance becomes apparent as an 
increase in Mach Number whilst in case (b) a decrease occurrs. 
The effects of the disturbances are to change the pressure)I'. ach 
Number, and streamline inclination of the flow upstream of the shock 
wave. In turn these changes modify the properties of the shock wave 
in terms of its inclination and the downstream pressure, Mach Number 
and streamline inclination. In aýflow with "weak' shock waves (i. e* 
supersonic flow downstream of the waves) a model of the region of the 
intersection can be constructed similar to that of Figure 31. (A 
centred expansion and a curved shock wave can be treated as a series 
of single wave/oblique wave intt: sections). The Mach wave intersects 
the shock wave, the shock wave inclination is changed and a slip 
surface and compression wave propagate downstream from the point of 
intersection. Figure 31 a shows the physical plane and Figure 31 b 
shows the hodograph plane. If the shock wave is a strong shock wave 
(i. e. subsonic flow downstream) the model is no longer acceptable 
I 
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since a subsonic flow cannot sustain the down'tream wave necessary 
to the model. In the current examples the axis of symmetry requires 
that the shock wave is normal on the axis. Hence it is strong on 
the axis and the indications were that it remained strong as far as_ 
the jet edge layer. The weak shock model is therefore not applicable 
to the current cases and an alternative must be found. Consideration 
of the hodograph diagrams of the situation do not give any real clues 
as to the likely trends at the intersections, the flow downstream of 
the shock wave remains undefined. Therefore, one is forced to consider 
the shock wave properties alone, in the knowledge that this can give 
a partial indication only, of the likely occurrences. 
The upstream expansion waves are continuous and cause changes of 
Mach Number as streamline direction as described in 5, (iv) above. They 
may be described by the expression 
ä6 
_ .. 
Mz -I 5(v) I 
dtl M (ý +YIM zý 
The inclination of the shock wave. to the jet axis is given by: - 
=e+ 5(v)2 
The change of inclination resultant upon a Mach Wave intersection is 
given by: - 
d9-dB+. d 5(v)3 
The change of-upstream flow direction is given by equation 5 (V) 1, 
it remains to determine dS,. The curved shock wave may be related 
to the oblique shock 'wave by considering ind_vidual'streamlines. The 
oblique shock wave'equations may be written as: - 
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M1 .... 5(v)4 
where FO = 1.. _ This form of pressure ratio is used because 
PQ, 
the stagnation pressure does not change through a }lach "Wave. 
,. I . 
im +. IP a- o a M' Po P° 
IMO, 
The differentials taica, -the following form: 
2-2 
122 5_ 5(v)6 
ýMý Po ZM, S, n5. CoSý" 
ýI t Y2, ,) 
and 
VI, 
Po MRM, 
2 6w5, - 
cos 
2ý Yo+l 5(v)? 
These functions are shot-, m in' Figures 32 and 33 for air (Y = 1.4) 
It can: -be seen 
that 
I, 
is always positive but that 
IaM, I_ 
changes 
po 
sign according as (M2-2) Sin2 At low Mach Numbers it is 
negative and at higher values it becomes positive. At this stage the 
information available is insufficient to predict the likely changes of 
shock angle. Further details are required and these can be obtained 
partly from consideration of the particular experimental results. 
Case a) Separation Distance b=0.9 
Effective Free Stream Dach Number 1.4.19, 
At this Mach Number-`the term 
IaMI 
is always negative). 
From 5 (v) 3 and 5 (v) 5 
ý/P° 
de d6 diy, +ä_ IMF ý. 
Sý d fo 5cv 8 d M, a M, Po a To M 
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r 
The position shown for the intersection of the expansion wave with the 
with the shock waves shows an increase in 11 and an increase in e due to 
the wave. The first term in 5 (v) 8 is therefore positive and the second 
term is negative. Figure 33 shows that at this Mach Plumber 
/' 
i?, 
I, 4 i' 
I dM 
for all shock angles greater than 83° approximately..,. -Hence the first two 
0 
terms in 5 (v) 8 yield a negative quantity for values of > 83 at this 
Mach Number. It remains to consider the nature of the third term, 
Ia1 
öpo M, 
is always positive therefore this term takes the sign of G/ P0 . If 
JfO 
is negative then the entire expression. for 
doOis negative, for M-1.4 
o 
d >03. Alternatively if dPo is positive then the relative mag- 
nitude of the terms becomes of great importance. Unfortunately the oblique 
shock equatiöns give no guide to the related magnitudes and signs of cdPo 
and dM without reference to further unknown quantities. Some further 
assumptions are therefore required. ' The prevailing pressure gradient along 
the shock wave on its downstream side war., nogative prior to the intersection 
point. (The downstream Mach Number was tending towards the sonic condition). 
If this condition were to prevail through the intersection el Po and 
hence do- would be negative. Alternatively if it were positive one 
returns to considerations of relative magnitudes. However in this partidular 
range of conditions the difference in magnitudes between 
d& 
and 
Q a''g ä I_ is very sensitive to small changes in shock angle and Mach Number.. MI P41 
The change in shock angle due to a Nach Wave in this range is therefore 
extremely sensitive to changes in downstream pressure. 
Consider now the experimental results of Figure 26. The pressuro 
measurements on the nozzle plate near to the lip indicated a total expansion 
to a final Mach Number. 1.8 approximately. The photograph showed the first 
Mach Wave of the expansion intersecting the shock wave at a shock wave 
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inclination of 85 ° approximately. The initial Mach Number at this 
position was 1.4. At the intersection of the expansion fan with. the shock 
wave, the shock wave inclination decreases initially (do'4 0), continuing 
along the shock the inclination finally increases ( oho' >01;. Ihilst 
detailed quantitative comparison was not possible this result is consistent 
with the argument given above. 
Case (b) Separation Height b=1.6 
Effective Free Stream Mach Number 1.75 
The free stream Mach Number was determined from the maximum impingement 
pressure on the plate and an examination of the included angles of the 
expansion fan. 
The condition for the shock wave modification for 16r this case becomes 
4e __ dM .ý, 
dn, 
. t. 
)S dfo 
... 5(v)9 aM- aM, P P4p M 
In $iis case is always positive and also is 
o 
positive, d14 1 through the expansion is in this case negative. 
° 
For > 7617 
73 
I: 
i-I de 
and hence dm 
, 
the first two terms of 5 (v) 9 take the sign of d11 (< 0) ie. 
d a-' = A(< o) + (> o) d0...... 5. (v)10 
0 
Once again the sign of 
d po is critical but except for = 75 
the extrarae sensitivity of, the first term to small changes of teach Number 
and Shock Angle has diminished. Also when the total expansion is 
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considered it is apparent that the region of intersection is spread much 
more widely than in the previous case. The photograph of Figure 23 shows 
the flow field which corresponds to the above case. The shock inclination 
shows a small but continuous decrease throughout the rather indistinct 
region of interactions. In this case however the mixing region at the 
jet edge was also interacting with the shock wave. It is suggested that 
for the two cases considered the arguments presented above give a partial 
explanation for the behaviour of the shock shape at the region of inter- 
section. 
The shock shape at the remaining separation distances will now be 
considered. For most of these cases the upstream conditions were most 
nonhuniform. In some cases the lip expansions produced a flow upstream of 
the shock wave which was generally diverging from the axis. One example 
of this type of. flow is shown in Figure 25 for a separation distance 
h=1.1. In this case the chock wave was positioned just downstream of 
b 
the intersection of the lip expansions. The shock wave shape was concave 
to the jet flow direction but still produced streamline deflections away 
from the axis. ' This type of shock wave has been-reported many times in 
highly underexpanded jets (eg. Stitt-64) and is possible because of the 
divergence of the main flow. (In the terms of equation 5 (v) 2,, 0 
is large. 
The shapes of the shock wave were the most obvious results from 
the flow visualisation photographs and some unusual changes of shape 
were observed. The ultimate shape of the shock wave represents a 
sensitive balance between the upstream and downstream properties of the 
flow. It is suggested that whilst a complete explanation for the 
changes in the shape has not been presented a satisfactory indication 
of the trends has been achieved. 
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5 (vi) The-tlaxirum Impingement Pressure on the Plate 
In low speed jet impingement it would be expected that the maximum 
impingement pressure would be almost equal to the local stagnation pressure 
of the free jet. In supersonic jet impingement this'is true also, but with 
the possibility of additional shock waves being present within the flow 
the knowledge of the variation of the stagnation pressure is less precise. 
In general variation of the pressure on the plate showed different charact- 
eristics at small separation distances from those at larger separation 
distances. At small separation' distances 
b 5) the results were 
dominated by the considerations of inviscid supersonic flow whilst at larger 
distances the results were clearly influenced by the turbulent mixing. 
Figure 34 shows the variation of maximum impingement pressure with 
separation distance. At the small separation distances (b L 5) the 
results for the 1" jet were much more detailed than those for the ill jet, 
therefore the former results will be discussed first. 
At very small separation distances (b e 0.65 in this case) the flow 
through-the nozzle and to the impingement plate was subsonic along the 
axis. The plate stagnation pressure was therefore equal to the nozzle 
stagnation pressure. As the separation distance was increased the nozzle 
attained supersonic flow and over a small range (0.65A- 
b<0.9) the 
centre of the shock wave was unaffected by the lip expansions from the 
nozzle. The compression was thus achieved through a normal shock on the 
axis from the nominal nozzle Each Number 1.4. Subsequent increases in 
separation distance showed the shock wave positioned downstream of the area 
where the lip expansions crossed the axis. The recompression thus took 
place through a normal shock wave from an increasing upstream Mach Number 
and led to a decreasing impingement pressure (0.9 :b1.8). Beyond this 
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section the lip expansions had been reflected from the free boundary of 
the jet as compression waves. In turn this led to a decreasing Mach 
Humber on the axis and an increasing impingement pressure, (1.8 <b; 3)" 
With further increase of separation distance the photographs of the flow 
pattern became indistinct. Also the mixing regions at the jet edges 
became of appreciable width. However, it would appear that a shortened 
repetition of the flow structure between 0.9 
b 
-5 3.0 took place between 
3-0-, 411 b<4,3 since 
the pressure variation followed a similar pattern. 
As the separation distance was increased further the jet flow 
began to be dominated by the mixing regions at its edges. Hence the 
plate pressure was dictated by the rate of decay of the jet. -the free 
jet investigations established the rate of decay at correctly expanded 
conditions for both jets. The two curves on Figure 34 show the jet 
stagnation-pressure-variation for the free jets. The impingement pressure 
for both jets show a similar decay with separation distance however 
under all conditions the impingement pressure was condiderably less than 
the free jet pressure. It is suggested that the difference between the 
magnitudes of the pressures could be described as an increase in the 
decay of the jet. The change in the decay rate could be attributed to 
the changes in the. jet structure. The pressure field into which the 
jet issued became sub-ambient due to the induced flows about the closely 
confined jet. The nozzle flow was therefore under-expanded. Apart fron 
any momentum exchanges between the jet and its surroundingd the low 
pressure would give rise to lip expansions from the nozzle exit. These 
lip expansions would continue, as disturbances within the jet. Johannesen 
(34) in comparing the results of two jets established that a jet with 
internal disturbances showed a greater rate of decay then one without them. 
The jet with internal disturbances showed a shorter 'potential' core and 
subsequently a more rapid decay. The differences between the two jets 
investigated by Johannesen were of similar order to the differences 
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between the current results for the free jet mid-the peals impingement 
pressures. Additionally the differences between the results for the 
1 inch jet and those for the J inch jet could also be attributed to the 
same source. The lip pressures in the J inch jet were lower than those 
in the 1 inch jet (see Figure 57) and hence the lip expansions were more 
severe. If these differences were now attributed to wave phenomenon this 
in turn could account for non-uniformity in some of the results. 
" The importance of the nozzle lip conditions and the induced flow 
along the nozzle plate prompted a short series of tests in which the nozzle 
plates were removed. This was done as an attempt to reproduce frte jet 
impingement but the presence of the supporting structure of the nozzle still 
exerted some constraint upon the floor pattern. Further details of these 
tests and the results are presented below (Chpater 7) where the pressure 
distribution results are discussed. 
Previous work on this particular aspect of the phenomenon indicated 
similar results to those of the current work at small separation distance 
The earlier investigations were with axisymmetric jets. The inviscid 
behaviour at these small separation distances was in close agreement in 
principle with the results and description by Atingstall (5) although 
of course the magnitudes were not comparable. The only work at large 
separation distances that was in any way comparable was that of Donaldson 
and. Snedeker (15). The only point of significance to the current work 
was that the results for their impinging jet did not compare directly with 
those for the free jet until the jet flow was subsonic. In the current 
tests of the free jets the 1 11 jet was supersonic over the enitre range 
tested and the sonic condition was attained in the 4. '' jet at a distance 
b= 
15. The results for the it, impinging Jet at the largest 
separation distance show a trend towards the free jet results. 
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5 (vii) Centre-line Shock Wave Height 
Blunt body theory indicates that the centre-line shock stand-off 
distance (height) for this class of body is a function of flach Number only, 
and that it decreases as Mach Number increases. Therefore in a uniform 
impinging jet at a given Mach Number the centre-line shock height should 
be independent of separation distances. In the tests reported here the 
centre-line shock height varied with separation distance as is shown in 
Figure 35. However, the centre-line Mach Number upstream of the shock wave 
varied due to the influence of the lip expansions from the nozzle (see 
5 (iv) and 5 (vi) above). The Mach Number upstream of the shock wave is also 
shown in Figure 35. (This Mach Number was calculated from the maximum 
impingement pressure assuming normal shock recovery). It can be seen that 
no general trend towards agreement with blunt body theory was demonstrated 
However blunt body theory presupposes a uniform upstream flow and in the 
current experiments this was rarely the case. Indeed with a slightly 
underexpanded jet the flow would be uniform only at the nozzle exit and 
possibly over the central portion"at. the location where the expansion 
waves reach the jet boundary. This latter position was one of the two 
positions used in Chapter 6 later for comparison with the numerical 
prediction method. 
It was apparent therefore that severe non-uniformities in the jet 
flow not only affect the shock shape as described previously but also affect 
its location. 
a 
ýý J 
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5 (viii) Conrarison. Between Flow Visualisation and Pressure Tristribntion 
Results 
In order to confirm further the description of the flow field some 
flow visualisation photographs and pressure distributions are compared 
14 o 
directly. dye separation distances are studied one typical of each of 
the categories (c) and (d) of section 5 (i). The two typeo. of result 
showed good agreement and supported fully the description advanced above. 
The agreement between the photograths and the pressure measurements also 
served to confirm the repeatability of the results since the two types of 
test were not made at the same time. 
(viii) 
. 
(a). Supersonic Impingement in the Near Field, (CateRory c) 
The separation distance chosen to illustrate this type of flow was 
U 1.5. In this case the jet was able to develop before impinging 
h= 
upon the surface. Figure 36 a shows the pressure distributions on the 
nozzle plate and the impingement plate whilst Figure 36b shows two 
schlieren photographs for this case, The schlieren cut-off for these 
photographs was a graded filter perpendicular to the plates, arranged so 
that compression regions appeared dark. The general flow pattern can be 
seem to fit the descriptions advanced above, also the pressure distribution 
showed the exptcted trends. The impingement plate distributions indicated 
a region of high pressure on the axis with subsequent expansion and 
compression regions alongthe plate. The nozzle plate distribution showed 
a smooth profile with a region of low pressure adjacent to the nozzle exit. 
The schlieren photographs showed that the lip expansions had crossed 
the jet axis upstream of the shock wave and therefore the centre-line 
Mach Number had temporarily achieved a stable value, Comparisons between 
the lip pressure and the maximum impingement pressure, and the 
__ 
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inclinations of the first and last waves of the expansions fan together 
with the initial boundary inclination showed close agreement. Considering 
the flow along the impingement plate the photographs showed a series of 
compression regions within the flow. The extent of these regions 
corresponded very closely with the position of the recompression region 
on the pressure distribution -2"3b4. 
5-(viii) (b) Supersonic Impinrrenent with Duct Flow (Category (d)) 
The separation distance was for this case chosen as b 
11 
= 1.0.. 
The pressure distributions and the photographs are shown in Figures 
37 a: Pnd b. " The schlieren cut-off was again perpendicular to the plates 
with compression regions dark. 
7'he pressure distribution results showed the impingement region 
followed ty a duct flow at sub-ambient pressure with repeated, compression 
and expansion regions. The number:.. of. pressure meäsurements towards the 
outer edges of the plate was insufficient to determine accurately the 
exact pattern of'compressions and expansions. However, reference to the 
schlieren photographs indicated general agreement and in particular the 
final compression region was in close agreement. This result was 
gratifying since the supersonic flow in a parallel duct is very sensitive 
to the boundary layer effects upon the walls and the position of a final 
shcok wave can vary considerably,. 
In general the flow viLm lisation studies and the pressure 
distribution measurement indicated close agreement with the description 
of the flow field advanced earlier in the chapter. 
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Chapter 6 
A ITII1FRICAL TREATMENT BY THE METHOD OF INTEGRAL RELATIONS 
The Method of Integral Relations for the numerical solution of 
problems in the flow of gas around a blunt body travelling at supersonic 
speed was proposed first by Dorodäitsyn. Surveys of the method have been 
published by Belotserkovskiy (6) and Hayes & Probstein (30). In general 
for these types of flow, both axisymnetric and plane flows have been 
considered, scale is given to the flow field solution by a typical length 
in the body. This typical length usually arises from a change of cross- 
section in the body and/or the location of the sonic point on the body. 
To draw an analogy between the blunt body type of flow in an unbounded 
fluid and the impingement of a jet of fluid upon a plate a similar length 
scale must be found. 
It is apparent that if the impingement plate is small in compaiison 
with the jet width then the situation'is exactly similar to the blunt 
body problems and then the plate size will determine the scale of the 
solution. Alternatively if the impingement plate is large in comparison 
with the jet width the plate cannot present scaling criteria. The only 
remaining source of a scaling parameter is the point of intersection 
between the shock wave and the edge of the jet. Hence the scale of the 
solution arises from the width of the jet. Since a scaling condition is 
available an analogy is possible between the two flow fields and a blunt 
body type can be performed. Gummer & Hunt (27) recently presented a 
solution to the problem of an axisymmetric jet using the method of 
integral relations and a polynominal approximation. A solution to the 
two-dimensional impinging jet is presented here using a similar approach. 
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6 (i) The Method of Inte! ýraý Relations and th. + Polynominal Approxiri. tion 
The equations of motion for a two-dimensional impinging jet flow. 
written in the coordinate system Shown in Figure 33 are as follows: 
Continuity: 
_ p, v. Qu_0, ".. 6 (i) 1 
a + ax 3 
Momentum in the axial direction: 
'LJ-IM, + LL . -! aP .... 6(i)2 ay ax f ýy 
These equations may be rewritten in the following non-dimensional form: 
r 
Continuity ((at) 
O.... 6 (i) 3 
ay lz 
Axial Momentum: 
a- ?=0.... 6(i)4 
y 
The variables of state were non-dimensional with repectto jet stagnation 
conditions, velocities with respect to adiabatic escape velocity, and 
cartesian coordinates with respect to the jet width. 
The functions Qn and Pn were defined as: - 
I 
Q- (1 jY. tz 
j"6(i)5 
,P 
IAA '=2, L i' P) 
Implicit within the above rearrangememt are the assumptions that the 
flow within the shock layer was the inviscid, adiabatic flow of a perfect 
gas, with constant specific heat ratio (Y). It was also assumed that the 
flow along streamlines was isentropio. 
. ý.. , .ý 
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The procedure was then to integrate the equations (6(1) 3& 4), 
across the shock layer at a particular value of x. For the purposes of 
the integration the functions Qn P n, represented by polynominal 
approximations. When the integration had been performed the equations 
became ordinary differential ones. The simplest approximation for the 
functions Qn PR was a linear relationship, and this was adopted in the 
current work i. e. 
[Qjy-zo Is y _s 
-SO) 
and a similar expression for Pn ... 6 (i) 6 
. SO 
bsýýtutýon 
When this sclu*ivn was made and the integration performed the 
equations took the following form: 
dx dx us d :W 
=a ys ... 6 (i) 7 
and 
(p)S+, d(ys)(P)S. +(Pz) =O Pý ja ys dx ys 
... 6 (i) s 
where subscript S indicates conditons at the shock wave and subscript 
p indicates conditions'at the plate. The functions (n on the shock 
wave may, for a given Mach Number, be written in terms of the shock wave 
ang_1m (o') only. Hence derivatives of these functions may be rewritten as 
derivatives with respect to 0 cg. 
. 1. d Ca) A- CG? )s d ea doi dx ... 6 (i) 9 
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Similarly along the plate: 
I- I (Q 
n) 
d d Q) 
dxdzP of x 
where up is the non-dimensional velocity along the plate. 
... 6 (i) io 
Substituting 6(1) 9& 10 into 6 (i) 7&8 wo have: - 
(p), ý-. - ( 
4-9-S 
+ rc O, -(p)7 = de dz gs dx is ~J^ rj ... 6 (i) 1L 
ad d (Q, )S + dap 
(Q, )P 
dx , dar dx 
ý, 's ýQý)S +ýQ, )p + Cans O ... s (1) 12 95 5. S x 
Consideration of the geometry of the shock wave closes the set of 
equations which may be written finally as follows: 
ails Cot o-' 
äRe 
... 6(1)13 
DO 
dx d(i)s Us ys 
d s' 
... 6 (1) 14 
! 
__ 
!d `gis (CQ, )S + (Q, )p) 
dx d(Q)p dx 
d up 55 
+2 CQý +ý 
CQ, )s IG 
gs s aiaj 
75-2 
1 
... 6 (i) 15 
This set of equations was suitable for integration by stepping 
procedures. Commencing on the axis of the flow with initial conditions 
ýc =a) ys = 
(ys) 
) o--_ =0 
the problem becomes an initial 
0 
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value one ccmnenc tng fron the assumed centre-line height ( 53)0 . The 
integration could then proceed in the direction of increasing x until 
terminating conditions such as the edge of the jet or the sonic point 
on the plate were reached. A resealing procedure could then be performed 
to give the required physical size to the solution. 
6--(ii) Numerical Peculiarities within the solution 
When general equations are written in difference fora and 
numerical procedures adopted to solve them peculiarities often arise 
within the solution that are not present in the physical, situation. This 
arises within the current solution. Equation 6 (1) lL contains a term 
JS 
as a general denominator. This term takes various values within 
the solution and for a given Nach Plumber there is a value of shock angle 
which makes the tern equal to zero. (See Figure 39). This of course 
gives rise to an infinite value of 
4. 
If this singularity occurs 
within the shock layer before the calculation is complete then no solution 
is possible by this method of solution. From scaling considerations 
outlined below (6(iii)) terminating conditions are concerned with the 
attainment of sonic conditions on the shock wave and/or the plate. Jet 
Mach Numbers of less than 1.4 approximately lead to the singularity "" 
occurring before sonic conditions have reached on the shock wave. At 
values of Mach Number less that 2.3 approximately the singularity occurred 
before the'sonic point had been reached on the plate. Solutions for 
Mach Numbers less than 1.4 were therefore not. possible. 
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6 (iii) The Scale of the Solution 
It was suggested above that the scale of the solution was 
determined'irn the current case by the width of the jet. At the extremities 
of the jet the stand-off shock wave terminates and hence the shock layer 
solution must also terminate. Any solution therefore must be a free 
boundary problem with constant pressure boundary conditions. It is 
necessary to obtain criteria which will enable this break in the solution 
to be made. The traditional approach to this question in blunt body 
work is to consider the geometry of the sonic line. Gucmer and Runt 
followed this method for the axisymmetric jet impingement problem. Their 
arguments were conducted for plane flow and are outlined in Appendix x. 
Their conclusions will be used here without further discussion. 
The result of the scaling argument was that the shock layer solution 
should be terminated either when sonic conditions are attained on the 
shock wave or when'sonic conditions are attained on the plate. Generally 
the former will be attained before the latter. In axisymmetric flow there 
was little difference between the radius at which these conditions 
occurred. In plane flow the difference between the two conditions 
is shown to be larger and for the range of Nach Numbers used herein only 
the shock condition could be obtained. 
In the case of an impinging jet, upon obtaining the chosen critical 
condition from an initial assumed value of the centre-line shock 
height a simple linear resealing with respect to tie jet width yields 
the final physical size of the solution. 
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6 (iv) Continuation of the Solution beyond the Shock Layer 
Since the equations of motion beyond the shock layer may be written 
in a form similar to that of equations 6(i) 3 and 6 (i) 4, the solution 
may be continued beyond the critical points with new boundary conditions. 
In order to establish these conditions, consideration must be given 
to the flow at the intersection of the shock waves with the jet boundary. 
Upon passing through the shock wave the flow is compressed kirid 
undergoes a change in direction towards the free boundary. Since this 
boundary must remain at constant pressure an expansion must take place. 
Sonic conditions (or supersonic ones) at this point enable this expansion 
to take place as a centred expansion wave. This expansion wave gives 
a further deflection to the flow together with acceleration to the 
following constant pressure and velocity boundary. These conditions form 
the initial conditions fOr. the remainder of the solution. Unfortunately 
this set of equations also gives rise to a singularity in 6, (i) 11 in 
that 
ý 
Owhen the inclination of the free streamlines is 450. 4 04 
This condition is of course limiting if sonic conditions have not been 
attained along the plate. % 
6 (v) Results of the Computation and the Comparable ]bcperimental Data 
The set of equations 6 (i) 139 14 & 15 were programmed-and several 
cases calculated. The computation was arranged in such a form that the 
step sizes were easily mo6ified to achieve the appropriate accuracy over- 
all and in. the location of. critical points. The results for the shock 
wave shape and plate pressure distribution are shown in Figures 40 to 45 
where they arc compared with experimental results. Figure- 46 shows the 
flow visualisation photographs for the 'similar conditions. 
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The experinental results used for comparison were for three 
nominal jet 1ýach Numbers N=1.4,1.58 and 1.8. The latter two 
conditions were obtained from some limited tests performed for this 
particular purpose. At each jet 1-, ach Number two separation distances 
were used, the smaller separation distance (b=I) gave conditions 
at the nominal jet Mach Number. The larger separation distance (b. Z) 
enabled expansions in the jet to produce higher ? lach Numbers and also 
provided a relatively uniform flow. For each of the latter cases an 
equivalent Nach Number was calculated which corresponded with normal shock 
recovery to the plate stagnation pressure. The Mach Numbers used for the 
numerical procedure were, therefore, 1.4 and 1.94,1.58 and 2.0,1.3 and 
2.23. In all of these cases the scale of the solution was taken from the 
sonic point on the shock wave. This range of 1'1ach Number lies between 
the conditions where the sonic point on the shock wave was just obtainable 
and the conditions where the plate sonic point was obtainable. The 
calculation at M=1.4 terminated when the Nach Number downstream of the 
shock wave was 0.988. In this particular case this point was taken as. 
the approximat6o.. sonic point. In all of the other cases the calculation 
was able to proceed beyond the shock sonic point and it was therefore 
possible to locate it accurately. Extension of the solution beyond the shock 
layer was attempted in two cases only, M=1.4 &M-1.94. In neither 
of these cases was it possible to continue the solution to sonic 
conditions upon the plate, even beyond the shock layer. In the first 
case the calculation proceeded for some distance beyond the shock layer 
but the singularity in 6 (1) 11 occurred before sonic conditions. At 
a Mach Timber of 1.94 the singularity occurred almost immediately 
following the change of boundary conditions. (The free streamline 
inclination following the critical point was 36°). 
0 
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A comparison between the predicted conditions and the experimental 
results showed differences that were not inconsiderable. A survey of the 
results is given here and a discussion of some possible reasons for the 
differences given later (6 (vi)). 
Condider first t1he results for the three lower Mach Numbers and 
the experimental results at the smaller separation distances. In all 
of these cases the centre-line shock heights were considerably over- 
estimated, with the over-estimation greatest at the lowest Mach Numbers, 
The predicted shape of the shock wave was convex to the flow direction 
as was expected and in general the experimental shape was also. However, 
it was shown earlier that small disturbances in the upstream flow could 
have a profound effect upon the shock wave. Hence very close agreement 
could not be expected. The experimental and predicted pressures were 
in agreement on-the jet axis since this was an initial condition in the 
calculation. The predicted pressure distribution showed a slower decrease 
with distance than did the experimental results, but on the whole the 
agreement was satisfactory within the jet region. 
The results for the higher Mach Numbers showed better agreement 
than those for the lower flach Numbers. In each of these cases the 
experimental results showed that the jet had spread by about 10; j' at the 
shock wave location. However, no allowance was made for this in the 
prediction method. In this series of tests the predicted and experimental 
values of the centre-line shock height agreed quite closely and as a 
result- the shock wave shapes show comparatively good agreement., The 
pressure distribution results showed very good agreement. This latter 
set of results was therefore relatively satisfactory. 
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Comparison with the earlier work of Gummee and Hunt (27) would 
be appropriate at this stage. In general their results showed the same 
trends as the current work, namely P. gross over-estimation of the shock 
height at low Mach Numbers with improving agreement at higher values. 
Good agreement in the predicted and experimental pressure distributions 
was also demonstrated in their results for all Mach Numbers. Wo 
significant differences were apparent between the experimental work 
by the above authors and that reported here. The first difference 
arose from the much smaller separation distances used by Gummer and Hunt. 
Since they used a free axisymrnetric jet they were able to use separation 
distances, O. 8 
hý-ý 
*' 1.05 In the current work the jet became 
subsonic at 
b=0.65 
and reliable photographs were not possible for 
h 
U/, 0,8. As a result the mixing layers around the jet had greater effect 
in the current work than in the other work. The second difference arose 
from the comparison between an axisymmetric case and a two dimensional 
one. In the axisymnetric work the experimental results showed that the 
sonic condition on the plate occurred at Tf, <I &)q 4 
/' 2 4N that is 
almost at the jet edge. The current results indicated that the sonic 
condition was attained at 1.6 
ZG 
X5oo < 2. lf Z hence considerably 
further away from the nominal jet edge. (See Figure 147). teilst 
Gummer and Hunt were able to consider sonic conditions on the plate as 
and alternative scaling point for the shock layer calculation a similar 
considerations was inappropriate for the current work. 
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6 (vi) Discussion 
The Method of Integral Relations has been used by many authors for 
. predicting 
the flow field abount blunt bodies in free flight. Ccmparisons 
between the predictions and the experimental data have on the whole been 
very successful. The accuracy of the prediction has been best at high 
Mach Numbers and differences of a few per cent only have been common. 
(See for example Hayes and Probstein (30)). This accuracy has not been 
sustained at lower Mach Numbers. 
The current work and also that of Gurrrner and Hunt concentrated at this 
lower end of the Mach Number range and showed the decrease in accuracy. 
Some possible reasons for this deficiency are suggested below. 
The-prime assumption for the polynominal approximation was that the 
distance from the shock wave to the body was small in comparison with the 
width of the jet. This assumption allowed the approximation to supplant 
momentum considerations along the plate. It is apparent in the current 
case where the shock layer thickness was of the same order as the jet 
width that this initial assumption could well be in some doubt. Close 
to the jet axis at high Nach Numbers where rates of change in the shock 
layer are large in the axial direction and small along the plate the 
solution is adequate. However, with lower Mach Numbers the axial gradients 
decrease and with stepping out along the plate the 'radial' gradients 
increase. Both of these conditions lead to inadequacies in the approx- 
imation and hence the predictions. Various authors have used z: gher 
polynominal approximations and achieved some improvement in agreement 
with experimental data at higher Mach Plumbers. However, it was felt that 
the-small improvement did not warrant the added complication for this 
case. 
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On the whole the-numerical procedure adopted was capable of 
predicting the shock wave shape and plate pressure distributions 
adequately at higher nach Numbers. The solution was confined to a 
region equal to the width of the jets but was nevertheless a useful 
prediction. 
r' 
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Chapter 7 
THE PRESSURE I" ASUREMENTS 
Measurements were made of the pressure distribution on the plates 
with several jet impingement configurations all at a nominal jet Mach 
Number of 1.4. 
The configurations were as follows. 
Group I 
a) 1"Nozzle exit height (b = 1") with nozzle plates and impinge- 
ment plate 24" overall for 0.45 -s b -s U. 
b) j" Nozzle exit height (b = i") with nozzle plates and inpinge- 
ment plate 24" overall for 1 -! 5 
b 18. 
c) ' Nozzle exit height with nozzle plates and impingement plate 
12" overall for 2 -! 5 
b 10. 
Group II 
d) 1" Nozzle exit height, nozzle plates removed and with 21? ' 
impingement plate for 1.5 
b 
-S 10, 
e) 4" Nozzle exit height, nozzle plates removed and with 211" 
impingement plate for 1.0 -S 
b 14- b 
In the tests of Group II the supporting structure for'the nozzle 
near the nozzle exit provided an obstruction equivalent to nozzle 
plates + 2k" either side of the jet axis. 
i 
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The first set of tests (a) was the most comprehensive and 
corresponded exactly with the flow visualisation photographs. The 
i 
second set of tests (b) was performed in order to illustrate some of 
the effects of the aspect ratio of the jet. 
R 
a) Aspect Ratio 4: 1 and 
b) Aspect Ratio 8: 1 (4: -)j. The third set of tests (c) was a brief 
set with the same ratio of plate height to nozzle exit height as that 
used in tests (a). 
The tests of Group II. 'were performed in order to view the situation 
when the jet emerged almost freely. 
The positions of the pressure tappings were described in Section 
3 (V) and shown in Figure 7. The same plates and pressure tappings were 
used throughout and in the case of the 1211 plates they were simply 
curtailed at + 6" either side of the centre-line. Since there was a 
small clearance around the mounting bolts for the impingement plate the 
central pressure tapping was not always exactly on the centre-line of 
the jet. However, it had been shown that the free jet emerged perpend- 
icularly from the nozzle plates and the space between the plates was 
carefully adjusted at each setting. It was assumed therefore, that any 
'off-axis' tendency in the central impingement pressure distribution 
cI 
was due solely to the non-coirdence of the central pressure tapping and 
the jet axis. The axis of the pressure distribution was therefore, 
determined by considering the symmetry of the central pressure distri- 
bution profile. The resulting off-set was small in all cases, the 
maximum value was . 01ft',. which is of similar order to the 32 "nominal 
clearance in the mounting slots. 
,,,,, 
In the early exploratory tests the impingement plate was arranged 
ý .. 
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so that for the central portion of the plate the pressures indicated 
by pressure tappings on the vertical centre-line could be compared 
with those off-set by 0.75". The tests were conducted with the off- 
set first on one side of the centre-line and then on the other. The 
results for one separation distance are shown in Figure 49. It can be 
seen that there were no notable differences between the results. Sub- 
sequently pressure measurements were performed on the vertical centre- 
line only and treated as being representative of the general distrib- 
ution. The pressure tappings on the nozzle plate were equispaced 
about the vertical centre-line and these were also treated arg represen- 
tative of the general distribution although no check measurements were 
made in this case. 
7 (i) The Results for the Pressure Distributions 
The initial use for the pressure measurements was to describe the 
pressure distributions along the plates and to give further indications 
of the flow patterns. In particular the measurements were used to 
indicate the transition points between the types of flow described in 
Section 5 (i). The location of these points will be described first 
and consideration of the pressure distributions will follow. 
The transition from subsonic to supersonic flow through the nozzle 
was observed from measurements of the pressure inside the lip'of the 
nozzle. Under all circumstances of supersonic flow in the nozzle the 
pressure inside the nozzle was equal to the ambient pressure. When the 
plates`were"closed up so that the nozzle flow was subsonic the pressure 
inside the lip rose above the ambient pressure. The measurements 
indicated that ät b 0.65'in the 1" jet the flow was subsonic whilst 
at b 0.70'the'flow was supersonic. Duct flow away from the axis 
existed for these'and'larger seperation distances. The next change of 
,... -» ,.., -I.. ^, - -. 
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flow pattern was the change from duct flow between the plates to free 
boundary impingement flow. Throughout the duct flow patterns some 
positive pressures were apparent on the plates, when the free boundary 
impinging flow appeared these were no longer present. In the 1" jet 
this latter transition took place at a separation distance 1.0.4 
h4 
b 
1.1. It would seem that this transition took place quite rapidly and 
that there was either a large extent of duct flow or the free boundary 
flow prevailed. It was not possible to locate this transition point 
with equal accuracy in the experiment with the 3" jet. It was possible, 
however, to state that at 
b=1.25 free boundary flow appeared to have 
prevailed, in tests (b). The agreement between the two results was a 
little suprising since the length of the plates, in the direction of 
flow, for the 3" jet was the same as for the 1" jet. If it is argued 
that duct flow occurrs when the wall jet type flow along the impingement 
plate fills the gap then it would be expected that the agreement would 
be good only between tests (a) and (c). (The growth of a wall jet is 
directly proportional to the distance from the origin (23)). It would 
seem from these results that there were two possible explanations for 
the agreement. 
(1) The transition was dominated by the initial compression system 
along the impingement plate and its reflections from the 
nozzle plate. Under these conditions the scale of the system 
would be dictated by the non-dimensional separation distance 
or (2) The two results were inadequate for any conclusion to be 
drawn and thus the agreement was fortuitous or false. 
Following the change from duct flow the pressure measurementa 
indicated.; the"type of flow system described by Artingstall (5). The 
impinging jet flowed outwards along the plate whilst an inward counter- 
flow was established along the nozzle plate. 
ý_ ,_m. ; 
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The pressure distributions were of the expected pattern and indic- 
ated that the flow accelerated away from the stagnation point on the 
axis to finally achieve ambient pressure at the plate edge. The 
acceleration was, however, not always continuous and at smaller separ- 
ation distances an intermediate recompression process was required 
because of an initial over expansion. This recompression system has 
been mentioned above but the reasons for this process will be described. 
Figure 20a shows, a drawing of the suggested flow pattern, 1-2 is the 
shock wave, 2-12 is the free boundary. At the junction point 2 of the 
shock wave with the jet boundary the sonic line 2,3,5,7 originates 
together with a centred expansion wave. The expansion waves extend 
towards the sonic line from which they are reflected as compression 
waves. The compression waves are reflected from the free boundary as 
expansion waves. This process is continued until an expansion wave from 
the free boundary reaches the impingement plate (8-9). The reflection 
at the impingement plate is as. an expansion wave (9-10) thus acceler- 
ating the plate flow. This expansion wave is then reflected from the 
free boundary as a compression wave (10-11). which in turn is reflected 
from the plate as a further compression wave (11-12). At the free 
boundary 11-12 becomes an expansion and the process repeats until the 
plate edge is reached or. the flow becomes subsonic. This flow pattern 
is manifested upon the impingement plate as an initial expansion followed 
by cyclic compression and expansions. The pressure measuremen; ri, for 
all tests at, appropriate separation distances indicated this type of 
pattern. -., 
In order to specify the range of separation distances over 
which this type of flow=was present it is pertinent to consider the 
location of the sonic point on . 
the plate. Figure 47 shows the variat- 
ion, with separation, distance 
, of 
the distance from the jet centre-line 
4 
S 
0 
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to the sonic point on the plate. It is apparent that the position of 
the sonic point was sensibly constant at b=1 for separation distances 
1bý4 but then showed a systematic outward movement with further 
increases in separation distance. The commencement of the outward 
movement coincided approximately with the disappearances of the com- 
pression-expansion system. At the smaller separation distances the 
system led to subsonic flow along the plate against a severe adverse 
pressure gradient (Fig 50b). As the separation distance was increased 
the recompression system became less severe and the flow along the 
plate remained supersonic. Figure 49 shows the ratio of minimum 
pressure on the plate to the plate stagnation pressure for various 
separation distances. This ratio gives an indication of the maximum 
Mach Number achieved along the plate. ' (The Mach Number achieved if 
isentropic flow is assumed is shown on the diagram). The experimental 
data shows two types of relationship, for 
b 10 approximately the 
pressure ratio is susceptible to the variation of both the maximum and 
minimum pressures upon the plate. At larger separation distances (b 
10) supersonic flow was not apparent along the plates. The minimum 
pressure was almost constant and equal to the ambient pressure whilst 
the maximum pressure decreased with increase in the separation distance. 
Asa passing reference Figure 47 which shows the sonic position on 
the plate could be compared with the similar results of Gummer & Hunt 
as suggested in section 6 (v), and also with those of Artingstall (5). 
Good agreement was demonstrated between the two axisymmetric tests. 
Artingstall for 0.38 
h43.38 
0.61 - 
r8°n 
- 0.69 
N 
" Gummer & Hunt for ä 2-0-5 0.6 - 
rsoonn 
- 0,7 
N 
The larger values for the current results were consistent with the 
differences that would be expected between an axially Symmetric field 
I 
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and a two-dimensional one. 
Some typical pressure distributions are shown in Figure 50 9 
they have been chosen to illustrate the various modes of flow categor- 
ised in section 5 (i) and are from each of the jet configurations. 
A further step in the consideration of'the pressure distribution 
is to correlate the distributions at various separation heights. Con- 
siderations of the properties of a fully turbulent jet were used by 
Bradbury (11) to correlate the pressure distribution under a low speed 
impinging jet at various separation heights. A similar type of' 
correlation is presented below for the current experiments at the larger 
separation heights. At smaller separation distances a less general form 
of'collapse is used. The arguments used by Bradbury were applicable 
only where similarity of mean velocity profile had been established 
(i. e. 
beyond the potential core of the jet). The reduction of the experimental 
data will therefore be presented and discussed in two regions, firstly 
at large separations (b 
y 6) and then for smaller separations (b'5 5). 
In'each case the central impingement section of the results will be 
considered only, since a similar approach to the flow along the plates 
would not be appropriate. " 
7 (ii) "Pressure Distributions for 
hy6 
The reduction of experimental data for pressure distributions 
requires a characteristic length. and a characteristic pressure. In low 
speed jet impingement several authors have attempted to reduce pressure 
distributions, the most successful method was the one adopted by Bradbury 
(11). The general trend of the argument was that the conditions in the 
free jet at the impingement location controlled the impingement process. 
Also it was argued that in the immediate impingement region the inertia 
0 
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terms'were considerably larger than the turbulent stress terms. It 
was concluded that the characteristic: properties that should be used 
to correlate results at various separation distances were the dynamic 
pressure on the jet centre-line and the width 6f the jet at the 
appropriate location in the free jet. The width of the jet was defined 
as the distance from the jet axis to the point at which the local 
velocity was one half the maximum velocity. Similar characteristics 
have been adopted in the current work. The-distance to the point at 
which the local Mach Number was one half the local Mach Number on the 
axis was chosen"as the characteristic jet width (S in section t. (iv) b). 
The characteristic pressure was not quite so self evident. The final 
" QN 
correlation was attempted on the basis of guiecge pressures with the 
stagnation pressure on the axis of the free jet at the impingement 
location. In the case of supersonic flow, normal shock recovery was- 
used from the jet Mach Number (i. e. pilot pressure). The results of 
this reduction of data are shown in Figures 51-52 . Figures 51 (a), 
(b), (c) and (d) show the results. for the jet impingement region when 
the-nozzle plates were imposition at the nozzle exit (i. e. Group I 
tests). The results for the 1" jet (Figure 51 (a))showed good correlation 
over the range of separation distances used 6 15- 
b 11. Figure 51 (b) 
shows the results for the ill jet which similarly showed good correlation 
for 6b "S 11 but showed some variation at larger separation distances. 
Comparisons between the results for 
b=6 
and 
b= l0 for all three jet 
configurations are shown in'Figures 51 (c) and (d). These results 
showed varying quality of agreement. The results for the j" jet at a 
separation distance 
b= 18 (Figure 50h) (with the large plates) showed 
distinct differences from the other tests. The pressure distribution on 
both the impingement plate and on the nozzle plate showed large regions 
of negative pressure. It is suggested that this was due to non-uniformity 
0 - 
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in the jet and hat at this distance the jet was no longer a 
simple plane jet. Tests at larger separation distances were also most 
inconsistent and were not rentable. The test at 
b= 18 must therefore 
be regarded as the limit of the reliability of the results. 
The results for the tests conducted with the nozzle plates removed 
are shown in Figures 52 a and b. These results showed good correlation 
for 1.5 at all separation distances but some disagreement was 
apparent at smaller distances from the axis. The results for the Group I 
tests are shown in Figure 53. The hatched area denotes the area within 
which lie the results for the ." jet (tests (b)). The two lines show 
the results for the 1" jet and the results for the -"'jot over a similar 
range of separation distances 6: 
b 11. Figure 54 shows in a similar 
manner the results of the Group II tests (with the nozzle plates removed). 
In this case single curves were not appropriate and two curves were 
drawn enclosing the test data in each case. A superior form of correlation 
for these latter tests is suggested later. 
In all of the tests the 1" jet showed a better collapse of the data 
than did the j" jet. Generally the agreement was most satisfactory at 
all separation distances tested fors ' l. 5 but the agreement wad not so 
good nearer to the axis. 
Further comment is not necessary in the outer region of tho 
distribution where the agreement was good but some remarks concerning 
th- central portion are required. The differences between the results 
could be typified by the differences in the maximum values of the 
pressure ratio 
R, Figurer, 55 and 56 show the variation of this ratio 
rim 
with separation distance. It is apparent that the behaviour was 
completely different when the nozzle platen were removed from when they 
were present. (Group I different from Group II). 
i 
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The tests with the 1" jet with the nozzle plate in position showed 
a constant relationship between the maximum impingement pressure and 
the free jet pitot pressure. The results for the -" jet over the same 
. range of separation 
distance (6 !5b4 11) showed a similar trend but 
were not of the same high uniformity as the former jet. The mean value 
of the ratio of pressures was 0.5 approximately in the ill jet and 0.6 
approximately for the 1" jet. At a larger separation distances which 
were possible only in the narrow jet, the relationship between the 
pressure ratio and the separation distance appeared to change. Thel 
ratio showed an increase with separation distance for -112. 
b 
It would seem therefore that within the range of separation dist- 
antes 6 .6bG 11 a reasonable prediction of the pressure distribution 
could be obtained from free jet data, either measured of assumed, to- 
gether with a factor (0.5 -, -0.6) for the magnitude of the peak pressure. 
However some justification would be necessary in respect of the 'factor' 
(0.5 - o. 6). 
In section 5 (vi) above it was suggested that the differences 
between the maximum impingement pressure atd the free jet pressure 
could be attributed to disturbances in the jet originating at the nozzle 
lip. This idea requires a little elaboration. Consider first the over- 
all difference between the free jet results and the irnpingment results, 
A 
the differences between the 1" jet and the j" will then follow. 
Johannesen (34, figure 20) demonstrated very large differences in 
the decay rate between the two jets for which comprehensive results 
were presented. An example of the differences obtained is that at a 
position 10 nozzle diameters downstream from the nozzle exit the velocity 
ratios Ü-3 were 0.91 in the uniform jet and O, 53 in the disturbed jet. 
(The pressure ratios equivalant to these velocities were 
Yo 
- 0.83 and 
i 
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0.45 respectively). It is possible therefore that disturbances within 
a jet could modify the jet structure upstream of the impingement area 
sufficiently to account for the differences between the impingement p 
pressures and the jet pressures. A study of the lip pressures on the 
nozzle plate (Figure 57) showed that for separation distances 64h 
the lip pressures were below the jet exit pressure and hence lip 
expansions were present at the nozzle exit. (The reasons that the 
pressures were different between the 1" jet and the I" jet will be 
discussed later). This lip pressure deficit decreased with separation 
distance and hence at large separation distances the disturbances 
should be "small and the impingement pressure should tend towards the 
free jet pressure. This trend was certainly present in the results for 
the "' jet. In fact a force abalance (see Figure 58). of the impingement 
region including the induced flow properties and the shear stresses 
indicate that the maximum impingement pressure should be slightly higher 
than the jet stagnation pressure. This force balance introduces come 
of the properties that were different between the 1" jet and the J" jet. 
There were two major differences between the test configurations. The 
first difference was the aspect rätio of the jet itself, the aspect 
ratio of the 1" jet (tests (a)) was 4 whilst that for the J" jet was 
8. The second difference was in the size of the impingement plate and 
nozzle plates relative to the nozzle exit height. The plates for the 
teats (b) were effectively twice the size for those of tests (a). This 
latter difference should contribute to differences in the induced flow 
along the nozzle plate and to the flow along the impingement plate at 
large distances from the axis (b large). This proved to be the case, 
the lip pressures of tests (b) were lower than those of tests (a) and 
the impingement plate loads discussed later (Section 7 (iv)) confirmed 
the second effect. The lower lip pressures of tests (b) inferred 
.. 90.. 
larger lip expa: sions and hence jet disturbances and then a greater 
decay rate in, the jet. The impingement pressures in tests (b) were 
lower. than those in tests (a) and confirmed this suggestion. The 
effects of the jet aspect ratio should manifest themselves as changes 
in the 'end' or. 'edge effects'. The only demonstration of any such 
effects, except as mentioned previously at 
b= 18, was at 
bx8 in 
tests (b). At this position a distinct sensitivity to the separation 
distance was noted. It is at this position that any transverse dist- 
urbance originating at the nozzle exit would reach the opposite side 
well. In tests (a) this position was at 
b=4 
and these effects could 
not be separated from others that were present. Alternatively this 
occurrence, could have been similar to the sensitivity noted by 
Henderson (31), and attributed to a Hartmann generator phenomenon, 
since the general noise level of the flow was very high at this 
particular setting. 
The. tests (c) were intended to give further information on the 
effects of the two geometric variables. Only two separation distances 
within the range of interest of'this section were used 
b= 10 and 6. 
At b= 10 the results of tests (a) and (c) showed extremely close 
agreement in all respects as was expected. At 
h=6 the agreement was 
not so-good and it was possible that the end effects observed at around 
b=8 were of some significance here. At larger separation distances 
h 
thr. effects of the nozzle plates in constraining the induced flow into 
the jet and producing low lip pressures decreased. The flow conditions 
will then be comparable with a free jet impingement process. The 
induced flow will still be present but the velocities along the nozzle 
plate will be, lower and hence the lip pressure deficit will be less. 
Therefore the effects of the induced flow upon the impingement pressure 
will be reduced. This last step takes one logically to consideration 
I 
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of the results of the tests when the nozzle plates were removed from 
the nozzle exit. The removal of these plates should lead to a similar 
situation to that existing at'the larger separation distances in the 
previous tests. It must be pointed out that the remaining support 
structure for the nozzle still presented some obstruction to the 
induced flow. The effective size of this obstruction was at least + 
24 b for the 1" jet and + L- b in the j" jet. 
The maximum impingement pressure will once again be used as the 
criterion for studying the agreement within the tests. Figure 56 
shows the variation of pressure ratio with separation distances for 
the tests of Group II. The results show an increase in pressure ratio 
R 
with separation distance for both jets as did the tests (b) at the 
larger separation distances. . 
This relationship with separation 
distance can be shown to correspond roughly to a movement of the 
effective origin of the jets, backwards along the jet axis. Two 
curves are shown on Figure 56 in which the origins of the jets have 
been moved to give agreement with the experimental results. The 
required movement was larger for the narrow jet as would be expected 
from the larger effective size of'the support structure. This move- 
ment of the origin also effects the width of the jet and Figure 59 shows 
the pressure distributions of tests (e) on the basis of the new jet 
origin. The collapse of the profiles was superior to the previous 
method and also produced a maximum value of unity approximate'. y. 
It has been possible to reduce the experimental data for pressure 
distributions to single non-dimensional curves for each of the test 
configurations. It would have been desirable to predict the magnitudes 
of the movements of the origins in the latter tests (Group II) and to 
predict the magnitude of the initial pressure ratio in the previous 
ý" 
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cases (Group I). The current data was insufficient for any general 
prediction since a detailed knowledge of the jet behaviour with 
internal disturbances would be required. 
As a final step in the consideration of the results of the tests 
(e) it is appropriate to compare them with those of previous investi- 
gations. The particular previous work with two-dimensional or 
rectangular jets was that by Nilne- Thomson (l+l) ýnd Cartwright and 
Russell (13). The inviscid incompressible low speed jet was studied 
by I-Iilne-Thomson and a pressure distribution computed from his solution 
is shown in Figure 59. The relationship between the uniform jet width 
(k) of the original solution and the characteristic jet width S was 
calculated from assumptions of a typical turbulent jet velocity profile 
and an equality of jet thrust. From a velocity distribution 
U= 
exp (- 0.6932 
2) (where =S) 
the calculated relationship was 
S=0.665 k. 
The experimental results of Cartwright and Russell were summarised by 
an exponential pressure distribution related to the separation distance 
1 exp 
(- 48.2 (h)2, . This expression was 
rewritten in the form 
1= exp 
(- A(s)2 
, 
and has been plotted ca Figure 
59 as the two curves a) and b). Curve a) is the result of assuming a 
typical rate of spread for the free jet 
Xj 
=h0.109. Curve b) 
is the result of assuming a thrust from the profile equal to the thrust 
from the potential flow profile. The rate of spread for this result-: 
wash = 0.0£5 which is a rather low value for a low speed high aspect 
.-,. ý...,. R..... qý ý T. -. _ , 
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ratio jet. 
Me experimental results for tests (e) with the modified origin 
showed good agreement with the results from these two references. 
7 (iii) Pressure Distributions for b 
11 
g6 5 
The correlation of the far field region pressure measurements was 
performed on the basis of previously established characteristics of 
the jets. A similar type of correlation was not possible in the near 
field region. Furthermore the lip effects at the nozzle exit were 
sufficiently severe to make a correlation on the basis of the nozzle 
exit height and the nozzle stagnation pressure inappropriate. Since 
the characteristic parameters previously established were not approp- 
riate it was decided to correlate the pressure distributions om the 
basis of the maximum impingement pressure and the sonic position on 
the plate. Both of these latter characteristics were determined from 
the experimental results. Figures 60 show the results of correlating 
the experimental data on the basis proposed for separation distances 
0.45 4b6; 5-, The distributions at pressures above the ambient value 
all showed excellent agreement. Some divergence in the results was 
apparent which changes in separation distance for the sub-ambient 
pressure section of the distribution. 
Once again correlation-was not attempted beyond the central 
impingement region. In this case the reason for restricting the 
comparison was that the alternating compression and expansion region 
was sufficiently unpredictable to render pointless, any comparison in 
that region. Unfortunately this type of reduction of pressure dint- 
ribution. is suitable only, as a means of presenting data and does not 
really assist in predictions. Whilst it would be possible to determine 
,. 
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empirical rules from the current tests tö enat. le one to 'predict' the 
lip pressure and hence the centre-line Mach Number distribution and 
hence the maximum impingement pressure for identical situations this 
would not be especially useful. Too many orbitrary constants would 
be required and the geometry of the tests was not sufficiently 
specificyfor any general application of the results to be successful. 
It still remains therefore to determine a comprehensive knowledge 
of the induced flow phenomenon and hence a means of -predicting the 
impingement region pressure{distributiön. 
? (iv) Plate Loads 
The final step in the reduction of the experimental data om 
pressure distribution was the computation of the total load upon the 
impingement plate, and nozzle plate where appropriate, at each 
separation distance. It is-well known that when ä low speed jet 
impinges upon a plane surface and the emergent air flows away between 
two-ö plates there occurrs a reversal of the force o: i-'the plate at 
certain-'separation`dista^. ces. Artingstall (5) showed that this was 
also true för supersonic axisynmetric'flow and the teste reported hero 
showed that'it can'alio'occurr in two"di'ensional flow. 
The thrust of'a supersonic jet, at'ä'particular Mach Number dis- 
charging at"the 'correct 'expansion' pressure ca: i be'related uniquely 
to the stagnation pressure of tr. - flow. ' The ! ach Number chosen for these 
tests was 1.4 at which value the relationship between A, 
2 
and Po attains 
a maximum. (For variations of + 10ý, ö in Nach Number the variation's in 
2ý 
the' ratio. amount to-: 
JIoonly). ' The thrust of the jet could there- 
fore be predicted accurately and this was the characteristic force in 
the phenomenon. All estimated forces were therefore related to the 
thrust of the jet (J'). 
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The detailed pressure measurements enabled a close examination 
of the plate loads to be made. The computation of these loads was 
made by using a trapezoidal rule treatment between the experimental 
points. The results of the calculations are shown in. Figures 61 a) 
b) and c) where forces in the direction of the jet were deemed positive. 
Figures 61 a) and b) relate to the tests of Group I with the 
nozzle plates in position and Figures 61 c) relate to the Group II 
tests. 
Considering first the tests of Group I, it will be seen that the 
relationship between the force on the impingement plate 
Jý 
and the 
separation distance- was different in each case. It is necessary 
therefore to explore the reasons for these differences., The consid- 
erations of the previous sections (7 (ii) and (iii)) showed good 
agreement for the results in the immediate impingement region. In 
each case the impingement region of the plate carried a force, in 
the direction of the jet, of the same order of magnitude as the jet 
thrust. The direction of the total force-on'the impingement plate 
was therefore determined mainly by the pressure distribution outside 
the impingement region. (This latter region gave rise to a force in 
the direction opposite to that of the jet efflux). Figures 62 
show the rate of growth of the plate forces with outward movement 
from the jet axis. The results for the jets are compared at two 
separation distances. At 
b= 10 and 
b=6 the tests for a) and c) 
showed extremely close agreement both in the ultimate forces and in 
their distributions on the impingement plate. The general character- 
iptic was that of the jet thrust being concentrated in the impingement 
region and an increasing negative force as the distance from the axis 
increased. The force on the nozzle plates showed an almost linear 
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increase with distance from the nozzle lip: The results for tests 
(b) at these two'separation distances showed the effects of the 
relatively larger plates. The negative pressures on the plates were 
larger and led to a more rapid growth of force on the nozzle plate 
and a more rapid decrease of force on the, impingement plate. 
At smaller separation distances the naiv characteristics of the 
results were similar to those described`but with larger forces carried 
on the outer parts of the plates. Some agreement was shown between 
the tests (b) and (c) but this was not systematic. 
A study of'the overall results forthe 1" jet (tests (a)) showed 
rapid changes in the forces at the transition to duct flow between the 
h 
plates (b = 1.1) and also at the transition to subsonic flow through 
the nozzle b=0.65. These results confirmed the divisions made 
previously on the basis of inspection of the pressure distribution. 
The change of`direction of the force on the'plates was'not accompanied 
` by any changes in the general flow pattern. The sequence of the 
variation of the impingement plate load with separation distance was 
precisely similar to that described"by Willis (68) for low speed jets. 
The results for the tests (b) showed similar tendancies but were in- 
sufficient at these small separation distances to warrant auch close 
scrutiny. 
In all of the tests in Group I the total force was greater than 
the xiominal jet thrust by 105 approximately. This was unexpected 
and no single explanation is offered for this result. Instead it is 
suggested that it can be due only to an accumulation of several 
effects. The possible sources for this'result were as follows. 
(i) Errors in the pressure measurements. 
(ii) Errors in the computation of the load. 
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(iii) Small excess pressure at the jet exit. 
(iv) Non-uniformities across the width of the jet at the nozzle 
exit. 
N 
(v) Uneven ambient pressure on the reverse sides of the imp- 
ingement plate and the back plate. 
(vi) Axial components of the momentum of the outward impinging 
flow at the plate edge, due to the gröwth along the plate., 
(vii) Axial components of the momentum of the induced air at the 
plate edge. 
(viii) Three-dimensional effects resulting in the centre-line 
pressures being higher than the mean. 
Care had been taken to reduce the first three possibilities to 
very small magnitudes and it is felt that this had been achieved. The 
fourth, possibility had been investigated with the free jet before any 
tests were performed and was shown to be immeasurable except for the 
thin wall boundary layer. The uneven ambient pressure (v) was of 
unknown magnitude but was certainly not sufficient to contribute all of 
the augmentation. The two possibilities (vi) and (vii) were rather 
problematical and it would seem that these were perhaps the most likely 
sources for small amounts of augmentation. The final possibility (viii) 
must also be considered and if the effects were severe it could easily 
account for the variation. However, it is unlikely that these three 
dimensiomal affects would be independent of separation. distance, and 
the augmentation was present at small and large separation distances. 
Also the tests quoted earlier showed that the effect was quite small 
at-the particular distances tested. Therefore no single one of these 
possibilities was thought to be large enough alone to yield the total 
amount of the augmentation. 
The results of the tests with the back plates removed (Group II") 
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showed that at the smaller separation distances (b 
4 6) some load was 
carried by the supporting structure (Figure 61 (c)). This result was 
consistent with the earlier results for the impingement region 
(see 
Section 7 (ii)) which suggested that at 
b>6 the phenomenon was one 
of free jet impingement but with the origin of the jet changed. Only 
in this last category was it possible to predict the force on the 
impingement plate. With the closer proximity of the impingement plate 
to the nozzle and the installation of back plates, the effects of the 
size of the plates and the complexity of the flow within the gap matte 
general prediction impossible. 
In general the results of the calculation of the plate loads were 
remarkably consistent. It can only be remarked from these tests that 
the occurrance of any reversal of load will be dictated by the shape 
and size of the duct surrounding the impingement region. The nature 
of the jet whilst important for the detail of the results, can have a 
small effect only upon this parameter. 
I 
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Chapter 8 
A TIME-DEPENDENT NUMERICAL SOLUTION TO THE FLOW-FIELD OF AN 
IMPINGING SUPERSONIC JET. 
Several'-authors have used time-dependent methods to predict 
steady-state solutions to mixed subsonic supersonic two dimensional 
flow fields. Sinha, Zakkay and EYdos (62) reported a solution of 
this type to the problem of a supersonic jet impinging upon a plate. 
After some correspondence, Professor Zakkay kindly ran a brief solution 
to a case comparable with the current work. The results from this 
computation are presented later and compared with the experimental 
data. A brief outline of the principles of the time dependent method 
of solution is Civen first together with some comments upon its 
associated merits and problems. 
The particular procedure used by Zakkay was that the equations 
of unsteady two-dimensional inviscid fluid motion, were written in 
finite difference form. These finite difference equations were 
modified to include a stability term often called a 'psuedo-viscosity' 
term. The flow field was described by a close net mesh in x and y 
(square mesh) and initial conditions at time t= to were prescribed. 
Steady state boundary conditions were also established. Commencing 
froiz the initial conditions a two step Lax-l-lendroff method in time 
was used to determine conditions at time to +. A t from which the solution 
marched onwards to an asymptotic state at large t which was deemed to 
be the steady state solution. Details of the general Lax-Vendroff 
method are given in reference 50 and the origins of the method were 
reported in references 38 and 39. 
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Whilst the eventual results of this type of computation have often 
been most impressive there are many problems associated with the 
procedure. In the main these problems are posed by the stability 
of the solution, the boundary conditions of the flow field and the 
capacity of the computer. The stability of the solution is often 
determined by the accumulation of errors from previous steps in 
the solution and also the ability to converge onto a particular 
solution. This stability is notoriously sensitive to the size of 
the net and to the size of the time step. The parameter I in the 
method of reference 62 was included to damp out oscillations in time. 
Guidance can be obtained as to the order of magnitude of the step 
sizes bitt eventually a trial of the solution must be made. The 
statement of th© boundary conditions often poses another problem. 
r 
The well known reflection techniques were used by Sinha, dos and 
Zakkay in their case but these are not universally applicable. 
Also on occasions the problem can become over prescribed by too many 
boundary conditions. Finally the computer capacity required for 
the solutions is always large and is often beyond the scope of the 
more usual installations. To give an idea of the scale of the 
capacity required by solutions of this type the requirements of the s 
solution quoted by Sinha et al could be taken. as typical. The net 
in x and y in the rectangular flow field was 60 x, 56 and to attain 
the asymptotic solution a computing time of 34 hours approxim"Ately 
was required on a CDC 6600 computer. Steady state conditions in 
that solution were attained after 1500 steps in time. The more 
limited solution quoted below was performed on the same computer and 
with a 26 x 42 net in x and y ran for 51 minutes approximately, for 
400 steps in time. 
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It is apparent'therefore that a successful solution by a time 
dependent method requires considerable computer capacity and a long 
programme developement time. 
The particular case for which Professor Zakkay produced a limited 
solution was for a jet Mach Number 14 .=1.4 at a separation distance 
h 
b=1.857. This separation distance was chosen for convenience in 
the computation. The domain of the computation reached b=3 and 
the physical mesh size was 
i4; 
Two calculations were performed 
using different values for the stability parameter E (0.25 & 0.80). 
The results from the computation were predictions for the pressure 
distribution on the impingement plate and the Mach number distribution 
along the jet axis. These results are reproduced in Figures 63 & 64. 
The results for the Nach Number distribution show the shock wave 
spread over several mesh points with a larger spread associated with 
the higher value of the stability parameter. In general the centre 
line shock height prediction (b = 0.75-)-1.05 say 0.9 mean) showed 
good agreement with the experimental results (b = 0.85 at 
b=1.8 
and b=0.91 at 
b=1.9). Figure 65 shows the results for the 
impingement plate pressure distribution and also shows the experimental 
points for 
b=1.8 
and b=1.9. It will be noticed that the 
initial 
agreement was very good, however, the computed results did not show 
the recompression at b er2.5. This highlights one of the problems 
of the present solution in terms of the boundary condition. It was 
necessary in this limited solution to specify zero pressure at the 
jet boundary, therefore no recompression was required along the 
impingement plate. The reason for this requirement was not explained 
and a study of the initial equations and conditions did not indicate 
the necessity for such a condition. 
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In conclusion the results of this type of numerical approach 
to the flow field prediction were most encouraging. 
0 
(4 
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PART V 
CONCLUSION 
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CHAPTER 9o 
CONCLUDING RE14ARKS 
The characteristics of a correctly expanded rectangular jet of 
air at a Mach Number of 1.4 have been investigated as a preliminary 
stage to a. study_of jet impingement phenomena. Zwo aspect ratios' 
have been used for the jet and both cases exhibited similar character- 
istics to those of low speed jets. The mixing region and the fully 
developed region were investigated. The results for the mixing region 
showed close agreement with published results and predictions for the 
Mach Number profile when a value ö'= 17 was used for the free scaling 
constant. This value was almost identical with the value obtained by 
previous investigations in plane high speed jets and indicated a 
slower rate of spread than is usual for low speed jets (11 4 o'4 12 
for plane low speed jets). The results in the fully turbulent region 
also showed good agreement with the results of other investigations 
in plane, low speed jets, no comparable results in plane high speed jets 
are available. Again the rates of spread of the jet and of the decay 
of the centre-line Mach Number were slightly lower than the low speed 
results. 
The studies of the impinging jet showed the expected characteristics 
and that the shape of the shock wave at small separation distances 
was very sensitive to jet disturbances. A qualitative study of, the 
shack wave equations presented an explanation for this sensitivity 
which was in agreement with the experimental shock wave shapes. A 
further investigation into the shape of the shock wave was performed 
using 'blunt body' numerical procedure. Some spot experiments with 
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different'jet nach Numbers were performed to give data over a range 
of Nach Numbers. At`the higher values the numerical treatment gave 
a good prediction, of the centre-line shock-height and the impingement 
plate pressure distribution in the central area. The prediction at 
the lower Mach Numbers was not'as good'and a lower Mach'Number limit of 
2 approximately would seem to be necessary for worthwhile predictions. ' 
The variations in shock wave shape were due mainly to disturbances in 
the jet and the effects of the mixing layers at the jet edges. 
Neither of these two effects were present in the numerical model. 
The lower Mach Number limit in this case was below that required by 
another author in the axisymmetric case. An accuracy of prediction 
similar to that obtained here at M=2.0 was not obtained until a flach 
Number of 2.4F was used. 
The pressure distributions on the impingement plate in the 
immediate impingement region at large separation distances (b 6) 
were shown to'correlate on the-basis of conditions in the free jet. 
This method had been shown to apply to low speed jets by Bradbury. 
In the current tests some variation was noted in the peak impingement 
pressures which was ascribed to changes in the decay rate of the jet. 
A special series of tests with only the supporting structive surrounding 
the jet showed good, correlation. This series of tests indicated 
that the effect of small structural members around the nozzle could be 
represented by a movement of the effective origin of the jet. A 
comparison between these correlated results and the potential flow 
analysis of Nilne-Thomson showed close agreement. At small separation 
distances (b E 5) the impingement region pressure distribution results 
were shown to correlate well on the basis of the ma dmum pressure and 
the plate nonic point. 
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The total loads on the impingement plate and on the nozzle plate 
, were also 
investigated over the entire range of the tests. The'tests 
showed that when the flow through the nozzle, was'supersonic the force 
on the nozzle plate was in the direction of the jet efflux. The force 
on the impingement plate, however, showed the reversal of 'direction 
that is well known in low speed flows. The separation distance at 
which this load reversal occurred was shown to be dependent upon the 
geometry of the plates surrounding the jet although no statement of 
the form of the dependancy was possible. = 
Finally it must be recorded that three-dimensional or edge- 
effects were present in all of these tests and consequently the results 
of the work must be treated with due caution. However, in some sections 
of the investigations it was clear that these effects were small. In 
other cases where the effects were not quantifiable the tests at the 
two jet aspect ratios gave some indications of the trends due to these 
effects. 
S 
Su, -, restions for Future Work 
In the course of the investigations several aspects became apparent 
which warrant further investigation. 
A full understanding of the induced flow mechanism and its effects 
is, required. Two forms of investigation would be appropriate. Firstly 
a close investigation of the effects of internal disturbances in the 
jet should be made. A very careful nozzle desiGn to produce a jet 
without disturbances should be undertaken. Then the nozzle should be 
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tested at various 'off design' pressure ratios to establish the effects 
upon the rate of spread and the decay rate of the jet. The range of 
pressure ratios to be tested could be suggested from the results of the 
current work (e. g. nozzle exit pressure from ambient to -0.2 atmos. ). 
A second investigation using a large aspect ratio jet and with 
varying sizes of nozzle plates would also provide useful information. 
With small nozzle plates and a detailed study of the induced flow some 
rationalisation of the numerous effects present might be possible. 
These two types of investigation would throw further light on a 
complex phenomenon. 
There remains one obvious extension of the current work. It has 
been demonstrated that a time-dependent numerical solution to the 
problem is possible. The developement of a computer programme of this 
type would be most useful. 
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APPENDIX I 
t. 
THE SCALE OF THE BLUNT BODY SOLUTION TO TIE IMPINGING JET 
a) The Shane of the Sonic Line 
In the general set of coordinates shown the slope of the sonic line is 
given by: 
to to = `(y 6 
3 
Now for a perfect gas in adiabatic flow: 
Hence along the sonic line since dN =0 then: 
In general 
)x fiq, r` 
y 
. 
'. Yj dx 
_- 
ýi_ `I y 
- 1o9 - 0 
dy_ 
__ ax LdJx 
Soo ay 5w4 
Z 
Consider now the sonic line at the impingement surface. 
...... 
4 
....... 
5 
At this point 
a g/ >O". ., 6 
To evaluate we tust consider the vorticity at the surface. 
In general _ -- a" ýy 
On the surface -V- 0 
and CL ý q, ä= 
'go 
= aT ay oeeooe 
Croccos vorticity law states. that for a streamline in the x direction: 
For adigbatic flow 
d ýjo Q 
a 
ý 
rho 
dx - "" 21 y ax -a 
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rho rho Along the surface Q . au =0 
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Within the impingement region we assume constant entropy along the 
streamlines. Since for a given upstream Mach Number the largest change of 
entropy occurs under normal shock conditions the centre-line entropy 
will be larger than the next stream line outwards. 
This condition will be continued to and along the impg ement 
surface: i. e.. 
59 >s...... 
10 
as o 1 -0* ay 
from 9&7 a y_O 
TI 
Hence from 5,6, & 11 
t IOS 
d 
ti " I1 
...... 11 
<O 
...... 12 
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Hence on the impingement surface the sonic line is either perpendicular 
to the surface or inclined towards the subsonic region (NB. As 14-o lO 
P "s-;, z 
Consider now the sonic line at the shock wave, the slope will again 
be given by equation 5, However, an alternative approach is possible. The 
curves of Figure Al obtained from data presented by Hayes & Probstein 
(30 page 396) show the various angles associated with sonic conditions on an 
oblique shock wave. It is clear that for flach Numbers less' than 2.9 
approximately in air the sonic line leaves the shock'in the direction of the 
subsnic region and for higher Mach Numbers the sonic line is inclined 
initially towards the supersonic region;. 
Hence for the flach Number range of the current work the inclination 
of the sonic line at its extreme ends are as follows: 
a) At the impingement surface: 
Perpendicular to the surface or inclined towards the subsonic region., 
b) At the shock wave: 
Inclined towards the subsonic regions. 
b Location of the Chock Sonic Point and the Width of the Jet. (After Gu^rier 
and Hunt (27)) 
Since there is a shock wave spanning the jet this shock wave will 
either weaken from a normal shock on the axis to a Mach Wane at the edge of 
the jet, or the shock will intersect the jet edge. If the former were to 
occur then the jet width would not impart a scale to the problem. Since a 
scale is essential it may be concluddd that the shock wave intersects the 
jet edge. 
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It is apparent that at the junction of the chock wave and the jet edge 
an instantaneous expansion must take place to attain the free boundary 
pressure on the downstream jet edge. Such an expansion cannot take place at 
a free point in subsonic flow. However, a centred expansion in supersonic 
flow produces that effect. The sonic point on the shock wave must therefore lie 
at either jet edge or within the jet. 
For supersonic Mach Numbers near unity the sonic line is inclined at a 
small angle to the shock wave, and is directed towards the subsonic region. 
At these Hach bombers the shock curvattLre is relatively small and therefore 
the shock layer is almost homientropic. The edge e)Zpansion fan intersects 
the sonic line, and in homentropic flow, will be reflected as compression 
waves. Repeated reflections will then take place between the free boundary 
and the sonic line until an expansion wave reaches the impingement surface. 
If the'sonic pöint. on the shock waves were to terninate on the shock wave 
inboard. of the jet edge the shock wave would weaken towards the jet edge. 
The weakening could only be caused by expansion waves which in turn could only 
arise from the sonic line. In homentropic flow only compression waves 
may travel away from the sonic line into the supersonic region. The sonic 
line and the shock wave must intersect at the jet edge for Mach Numbers near 
to unity. The curves of Figure Al show that in air for 116 1.7 the sönic 
lines leaves the sonic point on the shock wave at an inclination greater than 
that of the first characteristics from that point. Hence for 1.0 "Mh7 
the sonic point on the shock wave will be coincident with the inLercection 
of the shock wave with the jet edge. 
" With increasing Mach Number the shock layer will depart from 
homentropic flow conditions and then the sonic line can give rise to both 
compression and expansion waves (See Hunt, Aero Quarterly pp Vol 1972). 
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When the Mach 11unber is larger than 1.7 the fir.: t characteristics lies in 
advance of sonic line and will therefore meet it at the sonic point on the 
shock wave. 
If the edge expansion were still to originate at the sonic point, it 
and a number of the subsequent reflections would be-compressed into a single 
point. Gunmer & Hunt suggest that this is rather unlikely and that the 
sonic point moves inwards along the shock wave. 
For Nach Numbers greater than 1.7 approximately the sonic point on 
the shock-wave lies within the jet .' An alternative definition for the 
scale of the problem is required. 
The equation for velocity along the impingement plate becomes 
singular at the sonic point. Blunt Body solutions for smooth body contours 
use a regularity" condition at this point to determine. the centre-line 
shock height. If"however the blunt body has a sharp corner the velocity will 
change discontinuously at the corner and the sina; ulairty will indicate that 
the corner has been reached. This would be the case for a flat-disc or plate. 
Returning to the impinging jet, the velocity on the surface must be 
continuous, also the sonic point on the surface must lie at or outside the 
line of the jet otherwise a sonic point might occur on a flat disc before 
the corner. (The disc would then lose'its scale). Gunmer & Hunt sug-ested 
therefore that the disc width and tha jet width were analogous and that the 
sonic point on the impingement surface could be placed at the jet edge at 
these higher flach Numbers. 
ý. ý,.. 
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Figure 20 The Structure of the Impingement Region. 
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Figure 28. Jet Disturbances due to the Nozzle Lip Expansions. 
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po. = Isentropic stagnation pressure upstream of the wave 
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p0= Isentropic stagnation pressure downstream of the wave 
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Figure 30. Geometry of the Oblique Shock Wave. 
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Figure 31 . Weak Shock 
Interactions. 
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Mach Numbers 
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Figure 63 . Time Dependent Method, Prediction of the 
Zach Number Distribution along the Jet Axis, 
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